Distributed space-time block coding in cooperative relay networks with application in cognitive radio by Faisal T. Alotaibi (7204436)
 
 
 
This item was submitted to Loughborough’s Institutional Repository 
(https://dspace.lboro.ac.uk/) by the author and is made available under the 
following Creative Commons Licence conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
Distributed Space-Time Block
Coding in Cooperative Relay
Networks with Application in
Cognitive Radio
by
Faisal Thear Alotaibi
A Doctoral Thesis
Submitted in partial fullment of the requirements
for the award of the degree of Doctor of
Philosophy of Loughborough University
September 2012
Advanced Signal Processing Group
School of Electronic, Electrical and System Engineering
Loughborough University
cby Faisal Thear Alotaibi, 2012
Abstract
Spatial diversity is an eective technique to combat the eects of severe
fading in wireless environments. Recently, cooperative communications has
emerged as an attractive communications paradigm that can introduce a new
form of spatial diversity which is known as cooperative diversity, that can
enhance system reliability without sacricing the scarce bandwidth resource
or consuming more transmit power. It enables single-antenna terminals in
a wireless relay network to share their antennas to form a virtual antenna
array on the basis of their distributed locations. As such, the same diver-
sity gains as in multi-input multi-output systems can be achieved without
requiring multiple-antenna terminals.
In this thesis, a new approach to cooperative communications via distributed
extended orthogonal space-time block coding (D-EO-STBC) based on lim-
ited partial feedback is proposed for cooperative relay networks with three
and four relay nodes and then generalized for an arbitrary number of relay
nodes. This scheme can achieve full cooperative diversity and full transmis-
sion rate in addition to array gain, and it has certain properties that make it
alluring for practical systems such as orthogonality, exibility, low computa-
tional complexity and decoding delay, and high robustness to node failure.
Versions of the closed-loop D-EO-STBC scheme based on cooperative orthog-
onal frequency division multiplexing type transmission are also proposed for
both at and frequency-selective fading channels which can overcome im-
perfect synchronization in the network. As such, this proposed technique
ii
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can eectively cope with the eects of fading and timing errors. Moreover,
to increase the end-to-end data rate, this scheme is extended for two-way
relay networks through a three-time slot framework. On the other hand,
to substantially reduce the feedback channel overhead, limited feedback ap-
proaches based on parameter quantization are proposed. In particular, an
optimal one-bit partial feedback approach is proposed for the generalized
D-EO-STBC scheme to maximize the array gain. To further enhance the
end-to-end bit error rate performance of the cooperative relay system, a re-
lay selection scheme based on D-EO-STBC is then proposed. Finally, to
highlight the utility of the proposed D-EO-STBC scheme, an application to
cognitive radio is studied.
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Chapter 1
INTRODUCTION
Cooperative relay communications has recently gained much attention in
academic and industrial advanced wireless research centers across the globe
due to its potential to enable ecient solutions for challenging problems in
wireless communications. In fact, this technique can through distributed
transmission achieve the same diversity gain benets of conventional point-
to-point multiple-input multiple-output (MIMO) systems without requiring
multiple-antenna terminals at a single terminal. In this chapter, conventional
MIMO systems will rstly be presented and their main advantages and dis-
advantages will be highlighted. Then, the basic concepts and system features
of cooperative relay systems will be introduced in detail. Moreover, various
network architectures and transmission relaying protocols will be described.
The most common and ecient coding techniques to exploit spatial di-
versity within MIMO systems are space-time codes (STCs) which are also
the origin for distributed STCs. A brief background for STCs is introduced
and the milestone works in this eld are described. Cooperative relays can
also be exploited in cognitive radio, therefore, a quick introduction to this
eld and cooperative cognitive networks in particular is included.
1.1 Conventional MIMO Systems
In the past few decades, wireless communication technologies have witnessed
an exponential growth and have become part of nowadays wireless applica-
1
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tions. An important technology for wireless networks is multiple antenna
systems which are also known as MIMO systems due to their ability to in-
crease the system reliability and capacity without requiring additional band-
width or transmit power [1]. The benets of using multiple antennas result
in MIMO wireless technology being exploited in many wireless communi-
cation standards such as the Wi-Fi (IEEE 802.11) standard, the WiMAX
(IEEE 802.16) standard, and are a major focus for 4th generation (4G) and
long-term evolution (LTE) cellular systems [2].
The three main advantages of a point-to-point MIMO system are multi-
plexing gain, diversity gain and array gain [1] and [2]. A MIMO system can
oer linear increase in the capacity or transmission data rates proportional
to the number of transmit-receive antennas pairs or the minimum number of
transmit or receive antennas when the channels between all antennas are un-
correlated [3], [4] and [5], i.e. multiplexing gain. On the other hand, MIMO
systems have the ability to obtain high diversity gain. Diversity gain is equal
to the number of independent channels in the multiple antennas system [1].
The diversity gain indicates how fast the probability of error decreases with
an increase in the signal strength [6]. Finally, MIMO systems can achieve
an array gain which means the average increase in signal to noise ratio at
the receiver [1]. The average increase in signal power is proportional to the
number of receive antennas.
However, the requirement of multiple-antenna terminals increases the
system complexity and the separation between the antennas increases the
terminal size. Also, MIMO systems suer from the eect of path loss and
shadowing, where the path loss is referred to the signal attenuation between
the source and destination nodes due to propagation distance, while the
shadowing is the signal fading due to objects obstructing the propagation
path between the source and destination nodes [7]. These dierent prob-
lems limit MIMO systems functionality and applicability which challenge
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researchers to look for another innovative technology, and hence coopera-
tive communications has emerged as a new paradigm that can oer eective
solutions for the aforementioned problems.
1.2 Cooperative Relay Systems
Unlike traditional point-to-point MIMO systems, a cooperative relay system
allows dierent nodes in a wireless network to share their antennas based on
cooperation protocols [8] and [9]. Such cooperative nodes can be regarded as
a distributed antenna array (i.e. virtual MIMO) where each node becomes
part of this virtual array. This new communication paradigm has become a
powerful technique that can achieve the same gain benets of MIMO systems
whilst avoiding some of their drawbacks. In fact, it promises signicant
improvements in the system reliability and capacity and in service coverage
without additional bandwidth or transmit power [10]. It has recently been
adopted for dierent new wireless systems such as 3GPP LTE-Advanced
[11]. Also, it has been considered in dierent wireless system standards
such as WiMAX standards (IEEE 802.16j and IEEE 802.16m) [12] and Wi-
Fi standards (IEEE 802.11s and IEEE 802.11n) [13] and [14]. This new
technology has been underpinned by Laneman's contributions in this area in
2000 and beyond [8] and [15] which specically introduced dierent relaying
protocols and proved that signicant system performance and outage gains
can be achieved.
A key feature of a cooperative relay system is its ability to obtain high
spatial diversity gain. In fact, a cooperative relay system achieves a new
form of spatial diversity which is known as cooperative diversity. This feature
provides the ability to overcome the detrimental eects of severe fading in the
wireless channel [8]. Thus by having several intermediate relays between the
source and destination that forward copies of the same information in parallel
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via independent channels with or without the information received from the
direct path, will result in diversity gain. This gain comes from the fact that as
the number of independent paths carrying the same information between the
source and destination increases, the probability of all of them being in fade
decreases [15], [16]. Therefore, diversity gain can be computed as the number
of independent channels in the cooperative relay system, which depends on
the number of the relay nodes and the environment [16]. So, in a frequency-
at channel, the maximum diversity gain equals Gd = Ns Nr Nd where
Ns, Nr and Nd are the number of single-antenna source nodes, relay nodes
and destination nodes, respectively. In this thesis, Ns and Nd are unity.
Increased diversity gain leads to improvements in the system performance
such as the probability of error Pe or the outage probability Pout. The
diversity gain indicates how fast the probability of error decreases with an
increase in the signal strength typically measured by signal-to-noise ratio
(SNR) [1], [6]. The diversity gain or diversity order, Gd, in terms of error
probability is given by [7]
Gd =   lim
SNR!1
log(Pe(SNR))
log(SNR)
(1.2.1)
The diversity gain, Gd, in terms of outage probability is given by [16]
Gd =   lim
SNR!1
log(Pout(R))
log(SNR)
(1.2.2)
where Pout(R) denotes the probability that the instantaneous system capac-
ity R is lower than a particular transmission rate threshold Rth such that
Pout(R) = PrfR < Rthg (1.2.3)
Furthermore, cooperative relay systems provide the possibility to spatially
multiplex the wireless communication system and thereby allow independent
Section 1.2. Cooperative Relay Systems 5
data streams to be transmitted in parallel which result in improving capacity
or transmission data rates. For example, for a source with one antenna and
a destination with two antennas, using a single relay in addition to the direct
path will establish another independent channel which results in doubling
the multiplexing gain and hence doubling the transmission data rate if the
SNR is kept constant [16]. The multiplexing gain, Gr, eectively equals
the number of independent channels over which dierent information can be
transmitted. The multiplexing gain as a function of SNR is given by
Gr = lim
SNR!1
R(SNR)
log(SNR)
(1.2.4)
While the transmission rate of the system, R, at a given SNR can be com-
puted by [7]
R = Gr log2(1 + SNR) (1.2.5)
In the literature, there are many cooperative schemes that were proposed for
exploiting the multiplexing gain or the diversity gain among the available
cooperative relay nodes. However, this thesis is focusing on diversity gain
rather than multiplexing gain.
On the other hand, it is known that the wireless channel generally suers
from three fundamental problems which are fading, shadowing eects and
pathloss attenuation [16]. Although the conventional point-to-point MIMO
systems can eciently mitigate the eects of fading in the wireless chan-
nel, they suer unfavourably from the other two problems, i.e. shadowing
eects and pathloss attenuation [17]. Both of them limit the transmission
rate and service coverage for a wireless MIMO network. Fortunately, these
shortcomings in MIMO networks can be eectively resolved by using coop-
erative relay networks. Cooperative strategies can signicantly diminish the
losses connected with the wireless channel by creating cooperative diversity
and using dierent independent paths between the source and destination
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nodes which can help in avoiding the shadowing problem. Also, using inter-
mediate relay nodes helps in avoiding the pathloss problem because dividing
the propagation path between the source and destination nodes into at least
two parts yields transmit power gains because the total resultant pathloss of
part of the whole path is less than the pathloss of the whole path [16]. This
advantage of the cooperative relay network can be referred to as pathloss
gain. It is known theoretically that the SNR is inversely proportional to the
signal propagation distance, d, as given by [16]
SNR / 1
dn
; (1.2.6)
where d is the distance between the source and destination nodes and n
is the pathloss exponent which typically uctuates between 2 and 6 based
on the type of the propagation environment. According to this relation, a
cooperative relay system where the intermediate relay is half way between
the source and destination and the power is divided equally between the
source and the relay will result in the following gain as compared to the
conventional point-to-point system
Gp =
1=2
(d=2)n +
1=2
(d=2)n
1
dn
= 2n ; (1.2.7)
which means the cooperative system can achieve a transmit power saving
of (10 log102
n) dB. In fact, the power gains due to cooperative diversity
and pathloss gain can be exploited to improve the system data rate R by
increasing the cardinality of the signal constellation [16]. Therefore, coop-
erative relay systems potentially oer remarkable advantages for wireless
communications [15], [16] and [18] in terms of the following:
1. High system reliability: A cooperative relay system can be extremely
eective to combat the eects of channel fading by cooperative diver-
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Figure 1.1. Service coverage and reliability of a cooperative relay
system.
sity [15]. Also, it can eectively enhance the transmission robustness
by guaranteeing the transmission between the source and destination
even if the direct link is in fade or several of the system relays are o
or lost as shown in Fig. 1.1.
2. High system coverage: The cooperative relay system can eectively
expand the network coverage through the relaying capability. So, the
transmitted signal can travel longer as compared to point-to-point
systems. Also, it can expand the network coverage by covering dead
holes or spots in the network such as shadowed terminals as shown in
Fig. 1.1.
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3. Increasing data rate: The cooperative system can eectively increase
the system data rate through exploiting its multiplexing capability or
by exploiting the power gains due to diversity and pathloss gains in
increasing the cardinality of the signal constellation [16].
4. Interference mitigation: A cooperative relay system can exploit the
cooperative diversity to overcome the eects of interference [16], [18],
[19]. Also, it can exploit power gains to reduce the required transmit
power which results in alleviating interference. Moreover, it can ex-
ploit an appropriate power allocation to control the transmit power.
Furthermore, it can utilize an appropriate relay selection technique to
avoid interference.
Next, dierent relay network architectures and transmission relaying proto-
cols are considered.
1.3 Cooperative Relay Network Architectures and Transmission
Relaying Protocols
A cooperative relay system consists basically of three parts which are the
source node, relay nodes and destination node where the source broadcasts
its information via one or a number of intermediate relays along with the
direct source to destination transmission or without it. The destination com-
bines the received multiple independent copies of the signal which results in
cooperative diversity. So, the network architecture can typically be divided
into two models which are a single-relay with direct-link transmission model
and a multiple-relay transmission model [18]. In the following, the two co-
operative relay network models will be described.
1. A single-relay with direct-link transmission model: In this model, the
source node obtains benets from the available single relay to convey
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Figure 1.2. A single-relay with direct-link transmission model.
its information to the destination node in addition to the direct-link
between the source and the destination which allows cooperative diver-
sity as shown in Fig. 1.2. In fact, this model can achieve a maximum
order-two cooperative diversity. This model requires two phases or
two hops to complete the whole transmission. In the rst phase, the
source node broadcasts its information to the relay node and to the
destination while in the second phase, the relay node relays its received
signals to the destination. These two phases should be orthogonal to
avoid detrimental interference through transmission [18].
2. A multiple-relay transmission model: In this model, the source node
might send its information to the destination via a two-hop or multi-
hop protocol with direct-link transmission or without it according to
the network topology and direct-link transmission availability. So, this
model can be categorized as follows [18]:
(a) Serial topology with direct-link transmission: In this model, the
multiple relays are connected in serial and hence the information
received from the source should be transferred from one another
in a multi-hop transmission to arrive at the destination node in
addition to the direct-link transmission as shown in Fig. 1.3(a).
The maximum spatial cooperative diversity order which can be
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Figure 1.3. A multiple-relay transmission model (dash line pattern
for direct link means it might be available or not available). (a) Se-
rial topology with direct-link transmission. (b) Parallel topology. (c)
Hybrid topology.
attained is two.
(b) Parallel topology: In this model, the system consists of parallel
paths between the source and destination and each path passes
through one relay so the transmission through relay nodes re-
quires only two hops as shown in Fig. 1.3(b). This model might
include direct-link transmission or not. This model can oer
several features such as a high order cooperative diversity equal
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to the number of available relay nodes plus one if the direct-
link transmission is available, short-time transmission (only two-
hops), ability to exploit the network resource eciently, a way
to extend the system coverage and a solution to the pathloss and
shadowing eects.
(c) Hybrid topology: This model combines between the serial topol-
ogy and the parallel topology as shown in Fig. 1.3(c). This model
provides increased system complexity and decreased cooperative
diversity as compared with the parallel topology.
In this thesis, the parallel cooperative relay model without direct-link is
adopted, as shown in Fig. 1.3(b), in which the whole transmission requires
only two hops or phases. In the rst phase, which is named in this thesis as
the broadcasting phase, the source node broadcasts its information signals
to R number of relays, Ri; i = 1; 2; :::; R. In the second phase, which is
named in this thesis as the relaying phase or cooperation phase, the relays
in turn forward the processed signals towards the destination.
The relay nodes should be applied to an orthogonal transmission tech-
nique such as time-division multiple access (TDMA), code-division multiple
access (CDMA) or space-time code (STC) to avoid interference between
transmission. The relay nodes might operate in a full-duplex mode which
can transmit and receive simultaneously at the same time or in a half-duplex
mode wherein only transmission or reception can be performed at one time.
However, to reduce hardware complexity, only half-duplex relays employing
STC techniques are considered in this thesis.
Currently, several transmission relaying protocols have been proposed
and can be generally divided into two main protocols: amplify-and-forward
(AF) and decode-and-forward (DF) protocols [18]. In an AF protocol, the
relay simply amplies the received signal by an amplication factor and
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forwards it to the destination. The amplication process is performed to
combat the eect of channel fading between the source and relay [18]. The
amplication factor which is also known as relaying gain is inversely pro-
portional to the received power at the relay nodes and can be classied into
two types which are variable relaying gain and xed relaying gain [16], [18]
and [20]. In a variable relaying gain type, the amplication factor is calcu-
lated based on the instantaneous channel state information (CSI) between
the source and relay node, hSRi , [18] which can be expressed as
AV G =
s
Pr
PsjhSRi j2 +N0
(1.3.1)
where Ps is the average transmit power at the source node, Pr is the average
transmit power at each relay node and N0 is the additive white Gaussian
noise (AWGN) variance at each relay node. On the other hand, a xed
relaying gain type does not need instantaneous CSI of the source-to-relay
channel and instead it employs average values of channel gains [18] as follows
AFG =
s
Pr
PsEfjhSRi j2g+N0
(1.3.2)
where Ef:g is the statistical expectation operator.
In practice, the AF scheme is more attractive due to its simplicity and low
cost implementation since the relay nodes do not need to decode the received
signals or perform any signal processing. However, in this protocol, the noise
is also amplied which results in some performance degradation. In a DF
protocol, the relay attempts to decode the received signals. If successful,
signals will be forwarded after the encoding process. Otherwise, the signal
will not be forwarded. So, this protocol has the capability to eliminate the
noise from the received signal before transmitting it which represents the
main advantage of the DF protocol. However, this protocol increases the
system complexity and its performance is subjected to the decoding process
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which might be incorrect. Particularly, it may not be realistic for the random
relay node to decode the incoming signal from the source node, because the
codebook is rarely available in most cases [21].
1.4 Space-Time Codes
Space-time coding (STC) [22] and [23] is an eective coding technique for
conventional MIMO systems that has the potential to signicantly exploit
the MIMO oered gains. In the literature, there are many STC schemes
which have been proposed. In particular, STCs can be categorized into two
types based on the transmission structure of the signal symbols over the wire-
less channel which are space-time trellis codes (STTCs) and space-time block
codes (STBCs). In STTCs, serial transmission of symbols is performed while
block transmission of symbols is performed in STBCs. The STTCs were pro-
posed by Tarokh, in [22], for two or four transmit antennas and provide a
signicant improvement in system performance due to diversity and coding
gain especially in a slow-fading environment. However, they exhibit high
system complexity. The STTCs system requires the Viterbi algorithm to
be employed at the receiver for decoding the information symbols. The de-
coding complexity of STTC is measured by the number of trellis states at
the decoder. In fact, the decoding complexity increases exponentially with
transmission rate of the system [24].
On the contrary, STBCs are the most popular and attractive STC type
for point-to-point MIMO systems due to their low decoding complexity.
Dierent STBC schemes have been proposed in the last two decades for
exploiting the spatial multiplexing or spatial diversity of MIMO systems.
The most famous spatial multiplexing schemes are Bell laboratories layered
space-time (BLAST) which was proposed by Foschini [3] and vertical BLAST
(V-BLAST) which was introduced by Wolniansky and his coworkers [25]. In
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fact, the V-BLAST scheme is an extension of the BLAST scheme that can
be classied as the best STBC scheme in terms of multiplexing gain. On
the other hand, the rst space-time block code scheme using transmit di-
versity was proposed by Alamouti [23] which is designed for two transmit
antennas. This scheme is signicantly less complex than STTC for the same
antenna conguration. The key feature of this scheme is the orthogonality
property which results in very low decoder complexity. In fact, this scheme
can be classied as the best STBC scheme in terms of diversity gain due to
its ability to achieve full diversity from complex designs.
The excellent performance of the Alamouti code motivated Tarokh and
his coworkers [26] to propose orthogonal STBCs (O-STBCs) for more than
two transmit antennas which can achieve full diversity gain but at the ex-
pense of transmission data rate. In [26], the maximum data rate of complex
orthogonal STBCs (O-STBCs), which achieve full diversity gain, was 3/4
for three and four transmit antennas and 1/2 for higher number of transmit
antennas. On the contrary, a quasi-orthogonal STBC (QO-STBC) which
was proposed in [27] for four transmit antennas achieves full data rate at
the expense of loss in diversity gain and increasing the decoding complexity.
In order to improve the system performance in terms of the bit error rate,
variable-rate STBCs combined with an optimum power allocation scheme
have been proposed for two, three and four transmit antenna systems [28].
However, the aforementioned schemes for more than two transmit an-
tennas can not achieve full diversity and full rate at the same time. In fact,
the only complex STBC scheme that achieves full data rate and full diver-
sity gain was Alamouti's scheme as proved in [22] and [26]. So, much eort
has been spent on developing the O-STBC or QO-STBC schemes for more
than two antennas that can achieve full data rate and full diversity such
as [29], [30], [31], [32], [33], [34], [35], and [36]. For example, from orthogo-
nal designs, the group-coherent STBC (GC-STBC) scheme was proposed for
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more than two transmit antennas [31] and the extended orthogonal STBC
(EO-STBC) scheme was proposed for three and four transmit antennas [29].
Based on limited feedback, both of them can achieve full rate and full diver-
sity with array gain. On the other hand, from quasi-orthogonal designs, the
QO-STBC scheme which is also known as a generalized ABBA (GABBA)
code in combination with a multi-group maximum-likelihood (ML) decoder
was proposed for any number of transmit antennas [34], while a constellation
rotation based QO-STBC scheme was proposed for any number of transmit
antennas in [35]. Both of them can achieve full diversity and data rate but
they also exhibited either long decoding delay or high system complexity.
The aforementioned schemes employed either an open-loop strategy or
a closed-loop strategy where each strategy has a performance penalty. The
open-loop strategy does not involve any feedback channels. However, this
strategy introduces more system complexity due to the requirement of so-
phisticated signal processing on the source, relay nodes and destination such
as signaling constellation rotation. On the contrary, the closed-loop strategy
uses a feedback channel but the system complexity can be much less than
that in the open-loop strategy because the relay nodes only require sim-
ple signal operations to exploit the feedback information. The closed-loop
strategy also oers an array gain which provides further improvements in
the system performance but at the expense of a small amount of feedback
bandwidth.
In essence, STBC schemes exhibit excellent performance for MIMO sys-
tems with relatively low system complexity. Fortunately, they can be ex-
tended to cooperative relay systems in a distributed manner to form dis-
tributed STBC (D-STBC) schemes [8], [9] and [37]. In fact, the same gain
benets as in point-to-point MIMO systems can be extracted in addition
to overcoming the drawback of point-to-point MIMO systems. In the next
chapter, the state of the art works for D-STBC schemes as an ecient way
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of exploiting cooperative diversity will be presented.
1.5 Cognitive Radio
The explosive growth in research for wireless communication systems in re-
cent years has generated new wireless applications which result in increas-
ing the demand for more radio spectrum. Most suitable frequency bands
for wireless communications, i.e. below 3GHz, have already been assigned
under the licensed bands for the existing wireless systems which result in
increasing the complexity and diculty to nd available frequency bands for
new wireless systems. Furthermore, spectrum allocation policy is inexible
to allow sharing of the licensed bands although several eld measurements
performed from leading spectrum regulatory commissions, such as the Fed-
eral Communications Commission (FCC) in the United States [38] or Ofcom
in the United Kingdom [39], veried that there are licensed bands unoccu-
pied most of time or partially occupied. Therefore, there are spectrum holes
or white bands in certain time, frequency, and positions which result in
reducing the spectrum eciency.
These challenging problems of spectrum ineciency motivated researchers
to nd ecient solutions which result in the concept of cognitive radio. It
is a new communication paradigm that can eectively exploit the existence
of spectrum holes by enabling unlicensed users to intelligently utilize these
spectrum holes without causing harmful interference to the licensed users
(primary users). Originally, the concept of cognitive radio is to sense the
spectrum in order to nd the unoccupied bands and then utilize them wisely
at a certain time [40]. This concept has recently been developed to be fully
aware of the surrounding environment and the primary users, and thereby
further improve the eciency of spectrum utilization [41]. Recently, several
IEEE 802 standards for wireless systems have considered cognitive radio
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systems such as IEEE 802.22 standard [42] and IEEE 802.18 standard [43].
In particular, the functions of cognitive radio can be categorized into
three main functions which are spectrum sensing, spectrum sharing and
spectrum management [18]. There are dierent approaches for spectrum
sensing that have been proposed in the literature [41], [44] and [45]. How-
ever, the most common approaches are power energy detection, matched
ltering detection, spectrum estimation and cyclostationary feature detec-
tion. On the other hand, there are three main spectrum sharing approaches
which are underlay, overlay and interweave cognitive approaches [46]. In an
underlay approach, cognitive users are allowed to access the spectrum at
any time if the interference caused to primary users is below an acceptable
limit. In an overlay approach, cognitive users forward the primary users
trac in addition to their own trac provided that they do not cause undue
interference to the primary users through exploiting interference cancelation
techniques. In an interweave approach, cognitive users are opportunistically
accessing the spectrum holes without causing interference to the primary
users.
Cooperative communications has been proposed recently as an ecient
approach for cognitive radio to improve substantially the performance of
cognitive radio systems in terms of spectrum sensing and spectrum shar-
ing. By this approach, cognitive users can cooperate with each other to
sense the spectrum and detect the unused bands [47] and cooperate with
each other to relay their trac or primary users trac and thereby pro-
mote the behaviour of cognitive radios [48]. In particular, the cooperative
communications technique improves the ability of spectrum sensing by over-
coming the problem of the hidden terminal and shadow eects, and helping
in the detection process of unoccupied spectrum which results in minimizing
the probability of false alarms and increasing the opportunity to utilize the
spectrum for transmission. From the sharing spectrum side, the coopera-
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tive communications technique improves the system reliability, transmission
rate and spectrum eciency. This combination of cooperative communica-
tions and cognitive radio techniques will enjoy the advantages oered from
both techniques which potentially results in improving the service reliability,
capacity and coverage extension.
At the end of this thesis, the combination between a cooperative relay
network and cognitive radio where the intermediate relay nodes are equipped
with cognitive radios will be presented. This network will be referred to
as a cooperative cognitive relay network considering spectrum sharing and
transmission robustness.
1.6 Challenges and Thesis Contributions
There are four main challenging problems related to conventional point-to-
point MIMO systems. These are high system complexity due to the re-
quirement of multiple antennas; large terminal size due to the requirement
of positioning the multiple antennas apart from each other by a distance
of at least half of the carrier frequency wave length, i.e. =2, otherwise
the problem of correlated channels will aect adversely the system perfor-
mance; signal attenuation due to path loss; and lastly severe fading due to
shadowing. This thesis addresses the aforementioned challenging problems
by exploiting dierent single-antenna terminals within a wireless network
to cooperatively form a virtual antenna array that can achieve the same
diversity gain benets as a conventional MIMO systems. As such, the sepa-
ration distance will no longer be an issue and the cooperative terminals are
equipped with only a single antenna. Also, the relaying capability and the
distributed nature of this cooperative relay system can cope with the eects
of path loss and shadowing.
In fact, this potential solution has been adopted in the literature through
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many dierent cooperative diversity schemes [16]. However, the existing
schemes either lack the ability to achieve full cooperative diversity and full
rate at the same time, for example, [49]; or they exhibit high computational
complexity or high decoding delay, for example, [50] and [51]. The schemes
with increased decoding delay require a very slow fading environment. The
only low-complexity scheme that can achieve full diversity and full rate at the
same time, and uses a very simple symbol-wise maximum-likelihood (ML)
decoder is the distributed Alamouti code (D-Alamouti) [52]. However, the
shortcoming of this scheme is that the scheme is designed for only two re-
lay nodes. However, increasing the number of independent paths between
the source and the destination nodes in a wireless relay network through
increasing the number of relay nodes can give extra diversity performance.
To enjoy increased diversity gain and preserve the same advantages of the
D-Alamouti scheme, this thesis will initially propose a new cooperative di-
versity scheme for four relay nodes and thereafter for an arbitrary number
of relay nodes.
On the other hand, the major issues in this eld are the lack of synchro-
nism problem and multipath fading eects due to the distributed nature of
the relay nodes where each relay node has its own oscillator and the fading
environment. In this thesis, these issues will be considered and an eective
solution that can combat the timing errors problem and fading eects will
be provided through exploiting cooperative orthogonal frequency division
multiplexing (OFDM) type transmission. This solution will be developed to
increase the end-to-end data rate. Moreover, due to the random nature of
the wireless environment the channel gains between the source and destina-
tion nodes are dierent from one path to another which results in dierent
signal attenuations at the destination. This phenomenon will cause a re-
duction in the overall system performance. In this thesis, the variation in
channels gain will be exploited to add extra improvements to the system
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through proposing new relay selection techniques. Finally, in this thesis a
cognitive radio system will be used as an application to evaluate the func-
tionality of the proposed scheme where the combination will also improve
the spectrum eciency.
In summary, the contributions of this thesis can be summarized into ve
main parts:
1. A new scheme for cooperative relay networks equipped with three
or four relay nodes called the distributed extended orthogonal space-
time block code (D-EO-STBC) scheme. This scheme based on partial
limited feedback can achieve full diversity and full rate in addition to
array gain.
2. An extension of the D-EO-STBC scheme for operation with imperfect
synchronization and over frequency-selective channels scenarios with
low-complexity partial feedback approaches. Also, to increase trans-
mission rate a two-way cooperative transmission scenario is proposed.
3. A relay selection approach is proposed based on the D-EO-STBC
scheme that can add dramatic gain in end-to-end bit error rate (BER)
for cooperative relay networks.
4. A generalized D-EO-STBC scheme is presented for an arbitrary num-
ber of relay nodes. This generalized scheme can achieve at least full
diversity and full rate. Furthermore, optimal one-bit feedback and
two-relay selection approaches are proposed to enhance the overall
system performance.
5. An application of the D-EO-STBC scheme to a cooperative cognitive
network.
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1.7 Structure of the Thesis
To simplify the understanding of this thesis and its contributions, its struc-
ture is summarized as follows: In Chapter 1, a basic introduction to cooper-
ative relay systems is presented including the system advantages, the general
system architecture and the transmission relaying protocols. Due to the sim-
ilarity in the system implementation, a quick introduction to conventional
MIMO systems is given highlighting their main benets and shortcomings.
Also, to facilitate understanding of the D-STBC schemes, which are the main
focus of this thesis, a brief background to STCs as well as the key works in
this area are provided. Moreover, since a cognitive radio system has been
selected as an application for the proposed D-EO-STBC scheme, the main
concept and functions of cognitive radio systems are presented. The im-
portance of a cooperative cognitive network as a combination between two
ecient techniques, cooperative communication and cognitive radio is em-
phasized.
Chapter 2 introduces a background and literature survey for D-STBCs.
To evaluate the system performance of the D-STBC schemes, the distributed-
Alamouti (D-Alamouti) code is studied and discussed highlighting that the
maximum diversity that can be achieved is two without any array gain. Also,
cooperative communication based on OFDM type transmission is briey pre-
sented. In Chapter 3, the proposed D-EO-STBC scheme for cooperative
relay networks is presented. The main scheme properties are introduced.
The open-loop and closed-loop system implementations are explained in de-
tail and the BER performance is evaluated through numerical simulation.
On the other hand, the proposed D-EO-STBC scheme for cooperative re-
lay networks under imperfect synchronization is studied in Chapter 4. The
basic operations in the broadcasting and relaying phases are explained. Dif-
ferent feedback approaches based on a quantization criterion are proposed.
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Simulation results that clarify the system performance are presented.
Chapter 5 presents two relay selection approaches based on the D-Alamouti
and D-EO-STBC schemes for cooperative relay networks. The relay selection
procedure for selecting the best relay paths is described. The performance of
this system in terms of pairwise error probability (PEP) and BER is evalu-
ated. In Chapter 6, a generalized approach based on a D-EO-STBC scheme
for cooperative relay networks is proposed. The system implementation at
the source, relays and destination for at and frequency-selective Rayleigh
channels under perfect and imperfect synchronization is presented. The op-
timal one-bit feedback and relay selection approaches are introduced. The
BER performance of the proposed schemes is studied and discussed.
The proposed cooperation scheme based on D-EO-STBC combined with
cognitive radio is investigated in Chapter 7. Two interference free schemes
for cooperative cognitive networks are proposed as an application of the D-
EO-STBC scheme that can combine the advantages of cooperative relay sys-
tems and cognitive radio systems. The outage probability as a performance
metric is derived and evaluated. The system performance and the validation
of the derived outage probabilities are studied and discussed through numer-
ical simulation. Finally, in the last chapter which is Chapter 8, this thesis is
concluded by summarizing its contributions and also suggesting some future
possible research directions.
Chapter 2
BACKGROUND AND
LITERATURE SURVEY
Cooperative communications via distributed space-time block codes (D-
STBCs) has recently attracted much attention as an ecient technology
that can provide considerable gains in fading wireless environments. In par-
ticular, this technology can form a virtual antenna array from a number
of single-antenna nodes that are distributed in a wireless network without
requiring multiple-antenna nodes as in MIMO systems. In fact, D-STBCs
as powerful coding techniques can eectively exploit the gains of the dis-
tributed nature of relay nodes. As such, researchers have been encouraged
to propose dierent schemes of D-STBCs for cooperative relay networks
for various wireless scenarios in the last decade. However, this distributed
nature of relay nodes opens up a number of new challenging problems in
terms of coding, synchronization and environment fading. In this chapter,
a historical background on wireless relay networks focusing on cooperative
communications via D-STBCs is rstly given through summarizing the key
works in this area. Throughout this literature survey, the encountered chal-
lenges are highlighted. Then, the system implementation and performance
of the distributed-Alamouti (D-Alamouti) scheme is introduced and stud-
ied as a motivated and ecient example of D-STBCs for cooperative relay
networks. At the end of this chapter, a cooperative communications system
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based on orthogonal frequency division multiplexing (OFDM) type trans-
mission is briey presented clarifying the concept and implementation of the
OFDM precoding technique.
2.1 D-STBC Developments in Cooperative Communications
Recent years have seen considerable progress in the wireless communica-
tions eld. One of the potential candidates for next generation of wireless
communications is cooperative communications due to its ability to extend
the coverage range and enhance the system capacity and reliability without
requiring additional bandwidth or transmit power. Cooperative communi-
cations is based on a cooperative relay network where the collection of dis-
tributed antennas belonging to multiple users is exploited. The concept of
a cooperative relay network was presented in the pioneering works of Lane-
man [15], [53] wherein a simplied model of the cooperative relay network
and cooperative transmission protocols was dened. This model is based on
a three terminal model of a classical relay channel in addition to a direct link
between source and destination. Also, the works of Sendonaris et al. [10], [54]
added a signicant contribution in cooperative communications. Their work
on a cooperative relay was basically a quantum leap on the previous works
on the classical relay network where the direct link between the source and
destination is not available. The classical relay channel was initially investi-
gated by Van der Meulen [55]. Then, Cover and El Gamal [56] studied the
channel capacity of certain types of classical relay channels.
In general, research on cooperative communication can be divided into
two categories which are research on multiplexing or capacity of a relay
channel category and research on diversity of a cooperative channel category.
Several valuable contributions have been proposed on relay channel capacity
and achievable rate such as the work of Schein and Gallager [57], Gastpar and
Section 2.1. D-STBC Developments in Cooperative Communications 25
Vetterli [58] and [59], Wang et al. [60] and Kramer et al. [61]. In parallel,
cooperative diversity schemes have attracted much attention such as the
work of Laneman [8] and Sendonaris et al. [10] using a single relay model
and the work of Fan et al. [62] considering the operation of multiple-antenna
relays in a cooperative environment. The central theme of this thesis focuses
on cooperative diversity schemes that can achieve full diversity and full data
rate at the same time. On the other hand, there are studies on the optimal
diversity-multiplexing gain tradeo for a single relay case and a multiple
relay case as in [63] and [64].
Coding for wireless relay networks has developed greatly in the past
decade. In [10], a cooperative transmission based on code division multiple
access (CDMA) has been introduced while in [65] a constellation rotation
scheme based on time-division multiple-access (TDMA) was proposed as
a cooperative protocol for a decode-and-forward (DF) single relay model
with a direct link. This protocol can achieve full diversity and full data
rate with a relatively high complexity relay node. Cooperative transmission
based on distributed space-time coding for a DF relay network was proposed
in [8] and for an amplify-and-forward (AF) relay network was proposed in
[66]. However, the excellent performance of D-STBCs with low decoding
complexity has motivated researchers to investigate further schemes.
Jing and Hassibi in [67] proposed a two-stage transmission model for
AF relay networks based on D-STBCs. In [68], D-STBCs achieving full co-
operative diversity were constructed using division algebra. In [49], Jing
and Jafarkhani proposed distributed orthogonal STBCs (D-OSTBCs) and
distributed quasi O-STBCs (D-QO-STBCs) for more than two cooperative
single-antenna nodes. In particular, D-OSTBCs can achieve full diversity
at the expense of transmission rate while D-QO-STBCs can achieve full
transmission rate at the expense of a loss in diversity gain and increasing
the decoding complexity. In [63], D-STBCs based on dierent cooperative
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transmission protocols for multiple-relay at-fading channels have been pro-
posed. However, these schemes can not achieve full diversity and full rate
at the same time. In [50], limited feedback beamforming combined with
D-OSTBCs considering multiple antennas at the receiver have been pro-
posed for any number of relay nodes. Although this scheme can achieve
full rate and full diversity, this approach increases the computational com-
plexity and decoding delay. In [69], a D-QO-STBC scheme which is also
known as a distributed GABBA (D-GABBA) code combined with a multi-
group maximum-likelihood (ML) decoder was designed for any number of
relay nodes. In this scheme, a feedback channel for transferring control in-
formation between the relays and destination node is required in the case
of dynamic relay scenarios. Although this scheme can achieve full diversity
and full rate, it also exhibited long time delay and requires relatively slow
fading environments.
For non-coherent systems, distributed dierential STBCs (D-DSTBCs) were
proposed independently in [51], [70], [71] and [72]. In [70], the authors
proposed D-DSTBCs based on unitary matrices. In [71], full diversity D-
DSTBCs were constructed using circulant matrices in addition to proposing
dierential codes based on the Alamouti code, symplectic group Sp(2) code
and square real orthogonal codes for using in relay networks with a specic
number of relays. In [51] and [72], D-DSTBC schemes were proposed for any
number of relay nodes. They can achieve rate one with full diversity but at
the expense of higher decoding delay and higher complexity in encoding and
decoding especially in the case of more than four relay nodes. These non-
coherent schemes require certain conditions on the STBC structure which
make constructing the D-DSTBCs dicult and complex.
An important point to be noted about the aforementioned D-STBC
schemes is that they either lack the ability to achieve full cooperative diver-
sity, with full data rate, at the same time or they increase the computational
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complexity, which makes them non cost-eective or even infeasible. In fact,
the only low complexity D-STBC scheme that can achieve full cooperative
diversity and full rate with very simple symbol-wise ML decoder is the D-
Alamouti code [52]. However, this code was designed only for using two
single-antenna nodes which limits its diversity order to two. In addition to
that, this code can not achieve any array gain.
On the other hand, one of the major issues in wireless relay systems is
synchronization. Most of the previous works on cooperative schemes have
assumed exact synchronization among the relays. However, in practice, the
relay nodes are allocated in dierent places and each one has its own local
oscillator which makes synchronization between them dicult to achieve if
not impossible. Such a lack of synchronization means the corresponding
symbols of all relay nodes do not reach their destination node at the same
time. Recently, several studies on coding schemes for asynchronous relay
networks that employ DF protocol were proposed in [73], [74], [75], [76], [77],
[78] and [79]. Also, asynchronous coding schemes for wireless relay networks
that employ AF protocol were proposed in [21], [80], [81] and [82]. In [74],
[75], [80] and [83], asynchronous transmission schemes that employ OFDM-
type techniques at the relays were proposed. These schemes exhibited high
computational complexity. In [81], a simple asynchronous scheme based
on the D-Alamouti code that implements OFDM type transmission at the
source node was proposed for at fading channels. This scheme provided
full diversity with simple ML decoder. This attractive scheme has been
extended to frequency-selective fading channels in [21]. However, these two
schemes [21] and [81] are limited to application over only two relay nodes
which make the maximum diversity order that can be achieved two.
Feedback schemes or closed-loop systems are adopted in several realistic
wireless application standards such as wideband code division multiple access
(WCDMA) [84]. In particular, partial feedback schemes have attracted much
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attention due to their high performance and low feedback overhead [85].
All the above schemes were designed for a one-way system scenarios.
However, in practice it is important to consider a two-way scenario for coop-
erative relay systems where two terminal nodes exchange their information
via intermediate relay nodes. Some studies have been recently presented for
two-way relay networks [86], [87], [88] and [89]. Two way scenarios might
contribute in enhancing the transmission data rate in addition to exploiting
the spatial diversity gains [90]. In [86], the authors considered D-STBCs
over at fading channels while in [87] the authors considered D-STBCs over
frequency-selective channels. Asynchronous coding schemes based on D-
OSTBCs and D-QO-STBCs for a two way cooperative relay scenario were
proposed in [90] to achieve full diversity whilst utilizing an ML decoder.
On the other hand, in wireless cooperative relay systems, the trans-
mitted signal from the source node follows dierent paths passing through
intermediate relay nodes to arrive at the destination node. Each path has
dierent channel gain which results in dierent attenuation experiences and
consequently reduces the overall system performance. So, to minimize the
eect of heavy fade paths and eectively exploiting the distributed nature
of the relay nodes, certain paths should be avoided by using selection tech-
niques. In fact, the selection techniques oer the possibility to improve the
system performance with certain bandwidth whilst reduce the system com-
putational complexity. Recently, relay selection techniques for cooperative
systems have been studied [91], [92], [93], [94], [95] and [96]. Most of the
previous works on relay selection are based on selecting one relay to coop-
erate with the direct path between the source and the destination nodes.
However, there are few works on relay selection considering multiple-relay
selection scenarios [91], [97].
On the other hand, spectrum utilization is an important issue for wire-
less technologies, especially with the huge growth in wireless applications.
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Cooperative communications contributes in improving spectrum eciency.
Also, spectrum utilization can be improved signicantly by using cognitive
radio technology [41] and [98]. The main concept of cognitive radio is allow-
ing secondary users to access the frequency spectrum opportunistically or
simultaneously with primary users [46]. Combining cooperative communi-
cation and cognitive radio in the form of cooperative cognitive schemes has
recently gained much attention [14], [99], [100], [101], [102] and [103]. In [14]
and [99], both cooperative sensing and cooperative transmission among sec-
ondary cognitive relays are considered and reliable transmission for the pri-
mary and secondary users can be attained. In [100], cooperative cognitive
relay schemes to improve spatial and spectrum diversities have been devel-
oped. In [101], a cognitive cooperation scheme to select the optimal cogni-
tive relay among many moving relays has been proposed. In [102] and [103],
the primary and secondary transmission was studied based on a single sec-
ondary user that employs the DF or the AF relaying protocol, respectively,
and the direct link between the source and destination nodes, where the
secondary user can simultaneously transmit its own information using an
overlay approach. As a result, a reliable transmission for primary and sec-
ondary users was obtained. Furthermore, the system performance of the
cognitive relay schemes in terms of outage probability was also studied in
some works [104], [105] and [106].
2.2 D-Alamouti Scheme
The D-Alamouti code is the distributed version of the Alamouti code [23]
that can achieve the same diversity order without requiring multiple antenna
systems, expansion in bandwidth or increasing transmit power. It is basi-
cally applied over any two single-antenna nodes forming a virtual antenna
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array and the Alamouti code can be constructed at the receiver. In the fol-
lowing, the D-Alamouti scheme for a wireless relay system will be presented
in detail. Also, the system performance of the D-Alamouti scheme will be
shown through numerical simulation.
2.2.1 D-Alamouti scheme for wireless relay system
Consider a wireless relay system with one source node, one destination node
and two relay nodes, as shown in Fig. 2.1. Every node in the system has only
Figure 2.1. Wireless relay system architecture with single source and
destination nodes and two relay nodes.
one antenna and there is no direct link between the source and destination.
The system employs two-phase transmission protocol with two time periods
for each phase. In the rst phase, the source node transmits sequentially
two dierent information symbols s = [s1 s2]
T towards the two relay nodes
Ri; i = 1; 2. As a result, the relay nodes receive these information symbols
attenuated by the fading channel hSRi and corrupted by the additive noise
at each relay vij during time period j; j = 1; 2 as follows.
yij =
p
PssjhSRi + vij (2.2.1)
Section 2.2. D-Alamouti Scheme 31
where Ps denotes the transmit power at the source node, the channel hSRi
between the source node and the ith relay is assumed to be quasi-static at
Rayleigh fading with zero-mean and unit-variance and the noise vij is the
corresponding zero mean additive white Gaussian noise (AWGN) at relay
node i and time period j with zero-mean and unit-variance. In the second
phase, in order to construct the Alamouti code distributively at the destina-
tion node, the received noisy signals will be simply processed according to
the following encoding matrix and then forwarded to the destination node:
264 y11 y22
 y12 y21
375 (2.2.2)
where (:) denotes complex conjugation.
For the rst time period during the second phase, the received signals y11
and y22 are transmitted simultaneously from R1 and R2, respectively. For
the second time period, the received signals  y12 and y21 are transmitted si-
multaneously from R1 and R2, respectively. The mean power of the received
signal yij at a relay node is Ps + 1 due to the unit variance assumption of
the additive noise vij and the channel coecient from the source node to
the relay node hSRi in (2.2.1). Let Pr denotes the average transmit power
at every relay node. The optimum power allocation proposed in [67] is used
in this scheme, which yields
Ps = RPr =
P
2
(2.2.3)
where P is the total transmit power in the whole scheme and R is the number
of the relay nodes.
At the destination node, the received signals during the two time periods,
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r1 and r2, can be written as
r1 =
r
Pr
Ps + 1
y11hR1D +
r
Pr
Ps + 1
y22hR2D + w1 (2.2.4)
r2 =  
r
Pr
Ps + 1
y12hR1D +
r
Pr
Ps + 1
y21hR2D + w2 (2.2.5)
where the channel hRiD between the ith relay and the destination node is
assumed to be quasi-static at Rayleigh fading with zero-mean and unit-
variance and the noise wj is the corresponding zero-mean unit-variance
AWGN at the destination node during time period j.
The received signals at the destination can be expressed as
264 r1
r2
375 =r PrPs
Ps + 1
264 s1 s2
 s2 s1
375
| {z }
Alamouti Code
264 h^SR1hR1D
h^SR2hR2D
375+
264 n1
n2
375 (2.2.6)
where n1 =
q
Pr
Ps+1
(v11hR1D + v22hR2D) + w1, n2 =  
q
Pr
Ps+1
(v12hR1D +
v21hR2D) +w2, h^SRi = hSRi for the received signal r1 while h^SRi = hSRi for
the received signal r2.
As shown in (2.2.6), the Alamouti code can be obtained at the destination.
Since the Alamouti code is orthogonal, this property enables the receiver to
decode s1 and s2 by a simple symbol-wise ML decoder. The received signals
at the destination can be written in the following form
264 r1
r2
375 =r PrPs
Ps + 1
264 hSR1hR1D hSR2hR2D
hSR2h

R2D
hSR1h

R1D
375
| {z }
H
264 s1
s2
375+
264 n1
n2
375 (2.2.7)
where H is the 2 2 equivalent channel matrix.
The channel gain can be obtained through computing the Gramian matrix
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G as
G = HHH =
264  0
0 
375 (2.2.8)
where (:)H denotes Hermitian transpose and  represents the channel gain
such that
 =
2X
i=1
jhSRihRiDj2 (2.2.9)
Therefore, the resulting diversity order obtained by the D-Alamouti scheme
is equal to two, which will be conrmed later from the numerical simulations.
However, the D-Alamouti code has no array gain which limits the system
reliability to the diversity gain only.
2.2.2 Simulation results
The performance of the D-Alamouti scheme using uncoded quadrature phase-
shift keying (QPSK) symbols over a at Rayleigh fading channel is shown in
Fig. 2.2. It is assumed that the total transmit power for all schemes used in
the comparison is the same. Also, it is assumed that the receiver has perfect
knowledge of the channel. The BER performance of the D-Alamouti scheme
is compared with a classical relay channel with one source, one relay, and
one destination and a point-to-point Alamouti scheme that is applied over
a system with two transmit antennas and one receive antenna.
As shown in Fig. 2.2, the D-Alamouti scheme has better BER performance
compared with a classical relay model where the source node transmits its
information via a single relay node to the destination node with no direct link
between the source and the destination nodes. For example, the required
transmit power to obtain the probability of BER of 10 4 for the uncoded
classical relay model is approximately 47 dB (o gure) while by using the
D-Alamouti scheme the required transmit power is 30 dB. So, it is clear that
approximately 17 dB is needed to reach the same BER performance of the
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D-Alamouti scheme. The D-Alamouti scheme shows a better performance
because the order of diversity in this case is two while the classical relay
model has no diversity.
From the BER curves of the D-Alamouti scheme and the point-to-point
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Figure 2.2. Comparison of BER performance of the D-Alamouti
scheme with the classical relay model and the Alamouti scheme in
a point-to-point MIMO system with two transmit antennas and one
receive antenna.
Alamouti scheme, it is noticeable that they have parallel asymptotic lines
which implies that they have the same diversity order of two. On the other
hand, under the present assumptions, for the point-to-point scheme there
is a 13 dB reduction in the transmit power for the D-Alamouti at a BER
equal to 10 4 as compared to the point-to-point Alamouti code. However, in
this simulation, the eects of correlated channels, pathloss and shadowing,
which severely aect the behaviour of the point-to-point multiple antennas
systems, are not considered in order to clarify the following two things; the
advantage of cooperative relay channel model over the classical relay chan-
nel model and the capability of the D-Alamouti scheme to achieve the same
diversity benet (asymptotic slope of BER) as the point-to-point Alamouti
scheme.
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Next, cooperative communications based on OFDM type transmission is
considered.
2.3 Cooperative Communications OFDM-Based Transmission
An OFDM-based transmission technique can be adopted in cooperative re-
lay networks in dierent ways. The OFDM precoding modulator can be
employed at the source node or at the relay nodes or at both of them. From
a practical viewpoint, it is preferable to apply OFDM transmission only at
the source node due to signicant reduction in computational complexity.
However, from a computational complexity side, if there is a necessity to
employ OFDM over relay nodes, it will be better to limit this requirement
to some relays instead of all relays deployed in the system. In the follow-
ing, a brief introduction to the OFDM concept and implementation will be
presented.
2.3.1 Basic concepts of OFDM
OFDM is a bandwidth ecient digital modulation technique [2], [107], [108]
and [109] which forms the basis of many wireless standards such as the 802.11
Wi-Fi standard, 802.16 WiMAX standard, digital video broadcasting (DVB)
standard and the asymmetric digital subscriber line (ADSL) standard. Also,
it is adopted for fourth generation (4G) mobile wireless systems and 3GPP
long-term evolution (LTE). Its basic concept is the division of the available
bandwidth into a number of overlapping sub-carriers N , orthogonal to each
other. The spacing between these subcarriers is selected to be the inverse of
the symbol duration T , i.e., 1=T Hz, so that each subcarrier is orthogonal
or in other words non-interfering.
It is an attractive approach for wireless systems especially for systems
that suer from multipath interference. OFDM has the capability to combat
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completely inter-symbol interference (ISI) caused by such multipath chan-
nels because each sub-carrier is modulated at a very low symbol rate which
makes the symbols much longer than the channel impulse response. A cyclic
prex (CP) is inserted between consecutive OFDM symbols as a guard in-
terval [2] and [109]. Furthermore, OFDM converts a frequency selective
channel into parallel frequency at sub channels which results in reducing
the complexity of the equalization. In addition, OFDM has the capability
to exploit eectively the available bandwidth which results in increasing the
spectral eciency of the communications system.
2.3.2 OFDM implementation
OFDM is a block modulation technique where a block of N information sym-
bols is modulated onto N parallel subcarriers having frequency separation
1=T . An OFDM implementation is basically performed by using an inverse
discrete Fourier transform (IDFT) at the modulator and a discrete Fourier
transform (DFT) at the demodulator. Fortunately, the OFDM modula-
tor and demodulator can be implemented as inverse fast Fourier transform
(IFFT) and fast Fourier transform (FFT), respectively, which are fast signal
processing transforms [2]. In fact, IFFT and FFT algorithms are ecient
methods to compute the IDFT and DFT, respectively, in addition to pro-
viding further reductions in computation complexity especially when the
transform size N is large and typically a power of two. For example, the
FFT needs N log2N arithmetical operations compared with the DFT which
requires N2 arithmetical operations to achieve the same result.
Fig. 2.3 shows a basic system block diagram of the OFDM system. At the
transmitter of the OFDM system, a sequence symbol stream is converted
into size N parallel streams, where each stream can be drawn from any sig-
nal constellations as a conventional single carrier system. These N streams
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Figure 2.3. Basic block diagram of the conventional OFDM system,
exploiting the FFT and serial to parallel and parallel to serial convert-
ers.
are then modulated onto N subcarriers via a size N IFFT.
x(n) =
1
N
N 1X
k=0
X(k)ej2kn=N for n = 0; :::; N   1 (2.3.1)
where N denotes the duration of one OFDM symbol, k is the frequency in-
dex for IFFT and n is the index for the sample of x(n).
That means, the IFFT converts the frequency-domain signal into a time-
domain signal whilst maintaining the orthogonality. The N outputs of the
IFFT are then converted to a serial data stream that can then be modulated
by a single carrier. Although it would seem that combining the IFFT out-
puts at the transmitter would create interference between subcarriers, the
orthogonal spacing allows the receiver to perfectly separate out each sub-
carrier provided the channel is static within the OFDM block. While at the
receiver side, the received data are split into N parallel streams that are
processed with a size N FFT.
X(k) =
N 1X
n=0
x(n)e j2kn=N for k = 0; :::; N   1 (2.3.2)
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That means, the FFT converts the time-domain signal into the frequency-
domain to recover the information that was originally sent. The size N
FFT eciently implements a bank of lters each matched to the N possible
subcarriers. The FFT output is then converted into a single serial data
stream for decoding.
2.3.3 CP insertion
To mitigate the eects of ISI which is induced by the multipath channel
during the signal propagation, each OFDM block after applying the IFFT
process is typically preceded by a CP with length not less than the channel
delay spread. At the receiver side, this extension of the CP is removed
before applying the FFT process. Mathematically, a linear convolution of
the transmitted OFDM signal and the channel is converted to a circular
convolution in the case of applying the CP. So, the eects of the ISI are
easily and completely eliminated.
The basic idea of the CP is to repeat a copy of the last part of the
OFDM symbol from the back to the front to create a guard interval [2]. The
duration of the guard interval TCP should be longer than the worst-case
delay spread of the target multipath environment, then all reections of the
previous symbol are removed and the orthogonality still exists. Therefore,
the transmitted signal can completely be extracted at the receiver. Fig. 2.4
 
T  CPT  
maxτ  
Multiple-path components 
Figure 2.4. Illustration of cyclic prex extension to the original
OFDM symbol.
illustrates the idea of the CP. At the receiver, a certain position within the
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cyclic prex is chosen as the sampling starting point, which satises the
criterion max < TCP where max is the worst-case multi-path spread. As
shown in Fig. 2.4, once the above condition is satised, there is no ISI since
the previous symbol will only have eect over samples within [0; max].
2.4 Summary
In this chapter, a background and literature survey on cooperative commu-
nications developments based on D-STBC schemes was presented. Also, the
OFDM-based transmission in cooperative relay systems was briey intro-
duced. The D-Alamouti STBC transmission technique for cooperative relay
systems was studied and compared with the classical relay model scheme.
The D-Alamouti scheme signicantly improves the BER performance over
the classical relay model due to diversity gain of order two. This outstand-
ing performance can be achieved without requiring extra transmit power
or bandwidth so this technique can be considered as a bandwidth-ecient
technique. In fact, the D-Alamouti code is the only D-STBC scheme that
achieves full diversity and full rate at the same time. The important prop-
erty within the D-Alamouti scheme is the orthogonality of the scheme code,
which minimizes the computational complexity and leads to a very simple
symbol-wise decoder. However, this scheme is limited to diversity of order
two without any array gain which reduces its functionality in very heavy
fade environments.
In the next chapter, a new D-STBC scheme for cooperative relay systems
that can achieve double Alamouti diversity order with the same low order
complexity will be proposed. This scheme can also provide an array gain
which can considerably improve the system performance.
Chapter 3
DISTRIBUTED EXTENDED
ORTHOGONAL SPACE-TIME
BLOCK CODES IN WIRELESS
COOPERATIVE RELAY
NETWORKS
Exploiting cooperative spatial diversity within single-antenna relay nodes
has gained considerable attention recently due to its potential remarkable
improvements in reliability or capacity of a wireless cooperative network.
The relay nodes in wireless relay networks are usually assumed to be avail-
able for cooperative operation. However, in the literature, full diversity and
unity code rate1 distributed space-time block codes generated from complex
constellations for more than two relay nodes do not exist [49]. In this chap-
ter, a complex design of distributed extended orthogonal space-time block
code (D-EO-STBC) with feedback for wireless cooperative relay networks
equipped with four or three relay nodes with the assumption of quasi-static
at fading channels is proposed. Full rate in each phase and full cooperative
1Since a half-duplex protocol is used, the code rate of the two-hop relay network
is actually unity for each hop.
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diversity for D-EO-STBCs are achieved by providing channel state informa-
tion (CSI) at certain relay nodes. Three closed-loop schemes are proposed
which employ simple partial feedback from the destination node to a par-
ticular number of relay nodes, not exceeding half of the total number of
such relay nodes. Simulation results show that these three closed-loop D-
EO-STBCs achieve full cooperative diversity in addition to array gain with
linear processing. In particular, the proposed D-EO-STBC designs preserve
low decoding complexity and save both transmission power and total trans-
mit time between source and destination.
3.1 Introduction
Transmit diversity techniques in the form of space-time block codes (STBCs)
pioneered by Alamouti [23] have been gaining popularity in the last decade
due to their ability to exploit eectively the spatial diversity and because of
their potential low computational complexity in decoding. STBCs can be di-
vided into two main classes, namely, orthogonal such as the Alamouti code,
and non-orthogonal, which includes quasi-orthogonal codes [5]. However,
orthogonal STBCs are especially promising because full diversity is achieved
while a very simple symbol-wise maximum-likelihood (ML) decoding algo-
rithm can be used at the decoder. Originally, STBCs were designed for
point-to-point multiple-input multiple-output (MIMO) systems which can
eciently exploit the benets of MIMO channels. Fortunately, extending
STBCs to cooperative relay systems in a distributed manner extracts es-
sentially the same benets as in point-to-point MIMO systems in addition
to overcoming the limits of MIMO systems which include path loss, corre-
lated channels and equipment size. The term distributed STBCs (D-STBCs)
which has been recently proposed in several works [8], [53], [67], [110] is used
to denote cooperation with STBCs. In fact, D-STBCs exploit eectively
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spatial diversity within single-antenna terminals on network without the re-
quirement of equipping any terminal with multiple antennas. As such, the
terminals are less complex and smaller size and consequently less cost which
make cooperative relay networks are more feasible and practical than point-
to-point MIMO systems. In [67], Jing and Hassibi proposed distributed
STBCs for wireless relay networks based on a two-step protocol. This scheme
can achieve full cooperative diversity if the coherence time, which is equal at
least to the number of symbol periods, is equal to or bigger than the number
of relay nodes. Hence, the decoding delay for this scheme will be large if the
number of employed relay nodes becomes large. Generally, extending com-
plex designs of D-STBCs for more than two cooperative nodes in two-hop
cooperative relay systems can not provide full diversity and full transmis-
sion rate at the same time [49]. In particular, D-OSTBCs for more than
two cooperative nodes can achieve full diversity at the expense of transmis-
sion rate while distributed quasi O-STBCs (D-QO-STBCs) can achieve full
transmission rate at the expense of loss in diversity gain and increasing the
decoding complexity as in [49]. Likewise, STBC schemes in point-to-point
MIMO systems for more than two transmit antennas which can not achieve
full diversity and full rate at the same time have been presented in [26]
and [27]. However, there are several STBC schemes based on closed-loop
or constellation rotated methods in the literature which have been proposed
for more than two transmit antennas that can attain together full diver-
sity and full rate [29], [30], [31], [32] and [35]. In [31], the group-coherent
STBC (GC-STBC) with one-bit feedback was proposed for more than two
transmit antennas while in [29] the extended orthogonal STBC (EO-STBC)
scheme with limited feedback was proposed for three and four transmit an-
tennas. However, the two-hop cooperative relay system should consider all
the channels in the two hops while in the MIMO system there are only
one hop channels, between the transmitter and the receiver, which makes
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the cooperative channel more complex than the MIMO channel. In fact, the
distributed Alamouti (D-Alamouti) code [52], [111], [112] and [66] is the only
proposed scheme for cooperative relay systems that can achieve full rate and
full diversity at the same time for two cooperative nodes. The maximum
possible diversity order for the D-Alamouti code is two. However, increasing
the diversity order increases the transmission reliability and improves the
system performance in terms of bit error rate (BER) and signal-to-noise ra-
tio (SNR).
In this chapter, a novel D-EO-STBC scheme with simple partial feedback for
cooperative relay networks equipped with four or three relay nodes is pro-
posed where the relays perform simple operations to generate this code at
the destination. This scheme can potentially achieve twice the D-Alamouti
diversity order in addition to array gain.
3.2 D-EO-STBC Properties
In the literature, there are several types of codes which have been suggested
for wireless cooperative relay systems in order to exploit the spatial diversity
gain given by the relays. However, transmission based on a time-division
protocol requires as many time slots as number of participating relays to
send one information symbol which results in long decoding delay and low
data rate. On the other hand, transmission based on orthogonal space-time
block coding (STBC) is much more eective in exploiting the time slots and
thereby results in increasing data rate with spatial diversity. One of the most
attractive properties of STBCs is their potential low complexity in decoding.
However, increasing the number of participating relays is contingent upon
the selected orthogonal or non-orthogonal STBC codeword. Also, as the
number of relays increases the computational complexity and decoding delay
will consequently increase. So, on the basis of the issues above, EO-STBCs
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employed in a distribution manner, which are basically multiple versions
of the D-Alamouti code, are proposed here to avoid the aforementioned
drawbacks and get benet from their advantages which can be summarized
as:
1. Low complexity in implementation.
2. Low decoding delay (just needs two time slots where each slot corre-
sponds to two symbol periods) which might make them a potential
candidate for real-time wireless applications.
3. Simple symbol-wise ML decoding algorithm can be used at the de-
coder.
4. High robustness where the code can work even if the number of relays
is reduced.
5. High capability so the code can be extended to any arbitrary num-
ber of relays as compared with other STBCs which results in extra
cooperative diversity.
3.3 System Model and Problem Statement
Consider a wireless relay system with one single-antenna source node, one
single-antenna destination node, and four half-duplex relay nodes, as de-
picted in Fig. 3.1. Every relay node in the system has only one antenna
which can be used for both transmission and reception. Relays are assumed
to be located in the middle between the source and destination nodes, and
operate with the amplify-and-forward (AF) strategy. They are within the
coverage of the source node and assist the source in conveying the informa-
tion to the destination which is not included in the source coverage or in
deep fade due to pathloss or shadowing eects. So, there is no direct link
between the source and destination nodes. Denote the fading coecient from
Section 3.3. System Model and Problem Statement 45
Figure 3.1. Wireless relay network with single source and destination
together with a relay stage.
the source node to the ith relay as hSRi , and the fading coecient from the
ith relay to the destination node as hRiD. Assume the channel between any
two terminals is quasi-static at Rayleigh fading. Therefore, assume that
hSRi and hRiD are independent complex Gaussian random variables with
zero-mean and unit-variance, i.e. CN (0; 1).
On the other hand, implementation of a two-hop multiple-relay is actu-
ally more dicult than implementing a multiple-antenna system due to the
necessity of considering the two-hop channels and the multiple-relay addi-
tive noises in extracting the required information. Similarly, employing EO-
STBCs in a distributed fashion has the same complexity since the multiple-
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relays should perform the encoding process cooperatively using their received
noisy signals instead of using directly the information signal as in the case
of a multiple-antenna system. Moreover, the code construction of the D-
EO-STBC implies that two of the relay nodes transmit the received noisy
signals that involve the same information symbol while the remaining two
relay nodes transmit the received noisy signals that involve the other in-
formation symbol after performing the encoding process. The similarity in
transmission between each pair of relay nodes will induce interference to the
received signals at the destination node which results in failing to achieve
full cooperative spatial diversity. In this work, employing D-EO-STBCs over
four relay nodes is investigated and analyzed, and then a novel simple partial
feedback scheme based on phase rotation over just two relay nodes is pro-
posed which can achieve full diversity in addition to array gain. As a result,
a doubling in cooperative diversity order can be obtained as compared to the
D-Alamouti code. Although the proposed scheme does use two more relay
nodes as compared with the D-Alamouti scheme, in wireless relay networks
these are likely to be available from the cooperative principle.
3.4 D-EO-STBCs Implementation
Constructing D-EO-STBCs at the destination node requires simple imple-
mentations to be performed at the source node and the AF type relay nodes.
On the basis of system model, all system nodes are assumed to be in half-
duplex mode and there is no direct link between the source node and des-
tination node. So, to transmit the information from the source node to the
destination node, they undergo two phases where each phase requires one
time slot. The two phases are called in this thesis as broadcasting phase and
relaying or cooperation phase. In the broadcasting phase, all signal opera-
tions at the source node until the two transmitted information signals arrive
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at the relay nodes will be included. In the relaying phase, on the contrary,
all signal operations on the received noisy signals at the AF type relay nodes
until the forwarded signals arrive at the destination node will be included.
Therefore, the whole transmission process takes just two time slots where
each time slot corresponds to two symbol periods as shown in Table 3.1.
Table 3.1. Time slots required for a cooperative relay network with
four relays where each time slot corresponds to two symbol periods
Broadcasting Phase Relaying Phase
S ! R1 S ! R2 S ! R3 S ! R4 R1 ! D R2 ! D R3 ! D R4 ! D
1 time slot 1 time slot
3.4.1 Broadcasting phase
In this phase, the source node broadcasts two information symbols s =
[s1 s2]
T after modulation onto complex symbols to the relay nodes, where
(:)T denotes vector transpose. During this phase, the relay nodes receive
the transmitted information over two symbol periods. In fact, the received
signal vector at the ith relay, which is denoted as yi, is corrupted by both
the fading coecient between the source node and the ith relay node hSRi
and the noise vector at the ith relay vi. Therefore, the received noisy signals
at the relay nodes can be expressed as
yi =
p
PshSRis+ vi (3.4.1)
where Ps denotes the average transmission power at the source node and
the elements of the noise vector vi = [vi1 vi2] are assumed to be zero-
mean and unit-variance complex additive white Gaussian noises (AWGN),
i.e. CN (0; 1).
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3.4.2 Relaying phase
In this phase, the source node stops the transmission process whilst the
AF type relay nodes forward the received noisy signals to the destination
node after performing simple signal operations. In particular, the signal op-
erations in the form of complex conjugation and minus multiplication are
required to construct the D-EO-STBC codeword at the destination node.
Therefore, the relay nodes based on certain encoding strategy employ these
signal operations on the received noisy signals before forwarding them to-
wards the destination node. To implement these operations in practice, the
four relay nodes are designed to employ unitary matrices Ai and Bi using
the block coding strategy in Table 3.2. From Table 3.2, the forwarded sig-
Table 3.2. Block coding over the four relay nodes in the Relaying
phase
Relay Nodes
R1 R2 R3 R4
A1y1 +B1y

1 A2y2 +B2y

2 A3y3 +B3y

3 A4y4 +B4y

4
nal at the ith relay is designed to be a linear function of its received signal
and its conjugate before scaling by an amplication factor. To minimize the
computational complexity, it is considered that two relay nodes are designed
to employ only Ai and the remaining two relay nodes are designed to employ
only Bi so the relay nodes that use Ai do not use Bi and vice versa. So, the
system unitary matrices can be expressed as
A1 = A2 =
264 1 0
0 1
375 ;A3 = A4 =
264 0 0
0 0
375
B1 = B2 =
264 0 0
0 0
375 ;B3 = B4 =
264 0  1
1 0
375
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As shown from the matrices Ai and Bi, it is clear that if the ith relay node
employs Ai, therefore Bi = 02 while if the ith relay node employs Bi, there-
fore Ai = 02 where the matrix 02 denotes the 2  2 matrix with all zeros.
In other words, the matrix Ai = 02 means that the ith column of the code
matrix contains the conjugate of the information s while the matrix Bi = 02
means that the ith column contains the information s.
On the other hand, the processed signals are then amplied by an amplica-
tion factor or a scalar relaying gain before forwarding them to the destination
nodes. In this work, the relay nodes utilize a xed amplication factor where
the average values of the channel realizations between the source and relay
nodes are exploited, i.e. EfjhSRi j2g values, to satisfy the power constraints,
where Ef:g is the expected value. Due to the unit variance assumption of the
fading channels between the source and relay nodes hSRi and the additive
noise at relay nodes vi, the mean power of the signal yi at a relay node then
is equal to Ps + 1. Let Pr denotes the average transmission power at every
relay node. Hence, the amplication factor is equal to
q
Pr
Ps+1
. Moreover,
the optimum power allocation in [67] is adopted in the proposed scheme as
follows.
Ps =
P
2
and Pr =
P
2R
(3.4.2)
where P denotes the total transmission power in the whole scheme and R is
the total number of the relay nodes.
Then the scaled transmit signal at the ith relay can be expressed as
ti =
r
Pr
Ps + 1
(Aiyi +Biy

i )
=
r
PrPs
Ps + 1
(hSRiAis+h

SRiBis
)+
r
Pr
Ps + 1
(Aini+Bin

i) (3.4.3)
where (:) denotes the complex conjugation.
Since the matrices A1 = A2 = I2 and the matrices B1 = B2 = 02, then the
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two relays R1 and R2 perform pure AF protocol while the other two relays
perform AF type protocol which also involves complex conjugation. Thus the
proposed unitary matrices contribute in obtaining reduced computational
complexity which results in a more practical and feasible system.
Equivalently, the transmitted signals at the ith relay can be written as
ti =
r
PrPs
Ps + 1
h^SRiA^is
(i) +
r
Pr
Ps + 1
A^iv^i
where 8><>: A^i = Ai; h^SRi = hSRi ; v^i = vi; s
(i) = s ; if Bi = 02
A^i = Bi; h^SRi = h

SRi
; v^i = v

i ; s
(i) = s; if Ai = 02
During this phase, the destination node receives the relayed signals over two
symbol durations. However, the received signals at the destination node can
be written as
r =
r
PrPs
Ps + 1
Sh+ n (3.4.4)
with
S =

A^1s
(1) ::: A^4s
(4)

=
264 s(1)1 s(2)1  s(3)2  s(4)2
s
(1)
2 s
(2)
2 s
(3)
1 s
(4)
1
375
h =

^hSR1hR1D :::
^hSR4hR4D
T
n =
r
Pr
Ps + 1
4X
i=0
hRiDA^iv^i +w
where S is the codeword matrix, h is the equivalent channel vector, n is the
equivalent noise vector and w is the noise vector at the destination node
with zero-mean and unit variance AWGN elements.
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The codeword matrix is called D-EO-STBC. Therefore, the four relay nodes
construct the D-EO-STBC codeword distributively at the destination with-
out decoding. As observed, the rst two columns of the D-EO-STBC code-
word contain s1; s2 and the remaining two columns contain their conjugates
exclusively. In fact, the D-EO-STBC codeword is generated from the well
known Alamouti code [23]. In particular, the rst two columns of the D-EO-
STBC code are a copy of the rst column of the transposed of the Alamouti
code while the remaining two columns of the D-EO-STBC code are a copy of
the second column of the transposed of the Alamouti code since the Alamouti
code originally has the following form [23]
264 s1 s2
 s2 s1
375
Furthermore, it is noteworthy to mention that the D-EO-STBCs codeword
S has the scale-free property [29], [49] which means by deleting one column
of S (or in practice one of the relay nodes does not work), two D-EO-STBCs
for three relay nodes are obtained as
264 s(1)1 s(2)1  s(3)2
s
(1)
2 s
(2)
2 s
(3)
1
375 and
264 s(2)1  s(3)2  s(4)2
s
(2)
2 s
(3)
1 s
(4)
1
375 (3.4.5)
3.4.3 Implementation at the destination node
Initially, there is no channel information assumed at the relay nodes but full
channel information at the destination node, i.e. an open-loop scheme. So,
the received signals at the destination node can be expressed as
r =
4X
i=1
hRiDti +w (3.4.6)
That is, the received signals at the destination node corresponding to two
symbol durations. Also, the network channels are assumed to be quasi-static
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with coherence interval equal at least to two symbol intervals, i.e. each time
slot  2. Therefore, the received signal vector, r, the relayed transmitted
signal vector, ti, and the noise vector at the destination, w, can be written
as
r =

r1 r2
T
; ti =

ti1 ti2
T
and w =

w1 w2
T
Consequently, the received signals r1 and r2 at the two independent symbol
intervals can be found as
r1 = t11hR1D + t21hR2D + t31hR3D + t41hR4D + w1
=
r
PrPs
Ps + 1
 
(hR1DhSR1+hR2DhSR2)s1 (hR3DhSR3+hR4DhSR4)s2

+n1
r2 = t12hR1D + t22hR2D + t32hR3D + t42hR4D + w2
=
r
PrPs
Ps + 1
((hR1DhSR1+hR2DhSR2)s2+(hR3Dh

SR3+hR4Dh

SR4)s

1)+n2
where n1 =
q
Pr
Ps+1
(hR1Dv11 + hR2Dv21   hR3Dv32   hR4Dv42) and n2 =q
Pr
Ps+1
(hR1Dv12 + hR2Dv22 + hR3Dv

31 + hR4Dv

41), i.e. n = [n1 n2]
T .
By taking the conjugate of r2, the received signal vectors at the destination
can be equivalently written as
_r=
r
PrPs
Ps + 1
264hSR1hR1D+hSR2hR2D  (hSR3hR3D+hSR4hR4D)
hSR3h

R3D
+hSR4h

R4D
hSR1h

R1D
+hSR2h

R2D
375
| {z }
H
_s+
264n1
n2
375
(3.4.7)
where _r = [r1 r

2] and _s = [s1 s

2].
Therefore, the equivalent channel matrix corresponding to the codeword in
(3.4.4) used over four relay nodes is given by
H =
264 hSR1hR1D + hSR2hR2D  (hSR3hR3D + hSR4hR4D)
hSR3h

R3D
+ hSR4h

R4D
hSR1h

R1D
+ hSR2h

R2D
375 (3.4.8)
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Applying the matched lter (maximum ratio combining (MRC) technique)
at the destination receiver with the equivalent channel matrix H in (3.4.8),
the Gramian matrix G can be obtained as
G = HHH =
264  0
0 
375 (3.4.9)
where (:)H denotes Hermitian transpose and  represents the channel gain
of the system.
The channel gain  can be expressed as
 = +  =
4X
i=1
jhSRihRiDj2 + 1 + 2 (3.4.10)
where  denotes the achievable cooperative diversity gain, i.e.
 =
4X
i=1
jhSRihRiDj2
and  = 1+2 denotes the overall interference factor where 1 is related to
the correlation interference for the received signals from the relay nodes R1
and R2 while 2 is related to the interference for the received signals from
the relay nodes R3 and R4 such that
1=h

SR1h

R1DhSR2hR2D + h

SR2h

R2DhSR1hR1D=2RefhSR2hR2DhSR1hR1Dg
2=h

SR3hR3DhSR4h

R4D + h

SR4hR4DhSR3h

R3D=2RefhSR3hR3DhSR4hR4Dg
where j:j2 denotes the squared modulus of a complex number and Ref:g its
real part.
Actually, the interference factors 1 and 2 appear in the system imple-
mentation because each pair of relay nodes transmits the same information
symbol after employing the same signal operation. On the other hand, from
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the Gramian matrix in (3.4.9), it is evident that the D-EO-STBC code is
orthogonal, which indicates that the information symbols can be extracted
separately symbol by symbol with a simple ML decoder such that
s^ = argmin
S
k r 
r
PrPs
Ps + 1
Sh k= argmin
_s
k _r 
r
PrPs
Ps + 1
H_s k
where k : k indicates the Euclidean norm.
However, the end-to-end signal-to-noise ratio (SNR) of the system can be
computed as
SNR = 
2s
2n
= (
4X
i=1
jhSRihRiDj2 + )
2s
2n
(3.4.11)
where 2s=
2
n is ratio of the total transmit power of the desired signal to the
total noise power at the destination, which can be calculated as follows
2s
2n
=
Efj
q
PsPr
Ps+1
sj2g
Efjnj j2g =
PsPr
Ps + 4Pr + 1
where j = 1; 2 (3.4.12)
On the other hand, it can be seen from (3.4.10) that the  term may re-
duce the channel gain to below the full cooperative diversity, i.e.  < ,
and correspondingly the SNR will be aected adversely. Thus to achieve
full cooperative diversity, the  term should be always non-negative during
the whole transmission. In the following section, a simple feedback scheme
based on phase rotation is proposed. This novel scheme has the potential
to overcome the correlation interference and hence ensure that both 1 and
2 terms are always non-negative during the whole transmission. Moreover,
this scheme smartly exploits the interference to achieve array gain which
results in further improvement on the end-to-end BER performance.
3.4.4 Closed-loop D-EO-STBCs for four relay nodes
Next consider there is partial channel information at the relay nodes and
full CSI at the destination node, i.e. a closed-loop scheme. Specically,
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partial channel information is fed into only two particular relay nodes each
having dierent encoding processing in terms of the construction of the D-
EO-STBC codeword. In the considered system, the two selected relay nodes
are R1 and R3 as shown in Fig. 3.2. Therefore, the two particular relay nodes
exploit this information to modify accordingly their transmitted signals (or in
practice rotate accordingly their antenna signals with an appropriate phase
rotation) which results in overcoming the interference as explained below. In
Relay Nodes
Source
Node
S
Destination
Node
D
second phasefirst phase
R2
R4
R3
R1
hSR1
hSR2
hSR3
hSR4
hR1D
hR2D
hR3D
hR4D
u2
u1
Feedback
Figure 3.2. Schematic representation of the proposed closed-loop EO-
STBC system for four relay nodes with feedback to two nodes.
particular, the relay transmitted signals t1 and t3 are multiplied by u1 and u2
before transmitting them from the rst and third relay nodes, respectively,
while the remaining two relay nodes are kept unchanged where u1 and u2
are the weighted rotation values. It is assumed that the feedback process
occurs within the channel coherence time and the feedback channel is perfect.
The phase rotation on the transmitted symbols is equivalent to rotating the
phases of the corresponding channel coecients. Then, the received signals
r1 and r2 after applying the phase rotation process over R1 and R3 can be
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expressed as
r1 = t11u1hR1D + t21hR2D + t31u2hR3D + t41hR4D + w1
r2 = t12u1hR1D + t22hR2D + t32u2hR3D + t42hR4D + w2
By following the same procedures as in the open-loop scheme, the equivalent
channel matrix _H can be found such that
_H =
264 u1hSR1hR1D + hSR2hR2D  (u2hSR3hR3D + hSR4hR4D)
u2hSR3hR3D + hSR4h

R4D
u1hSR1h

R1D
+ hSR2h

R2D
375
(3.4.13)
Hence, the Gramian matrix G can be expressed as
G = _HH _H =
264 f 0
0 f
375
where f is the channel gain of the system when the proposed partial feed-
back scheme is employed such that
f = + f =
4X
i=1
jhSRihRiDj2 + f1 + f2 (3.4.14)
with
f1 = 2Refu1hSR2hR2DhSR1hR1Dg
f2 = 2Refu2hSR3hR3DhSR4hR4Dg
Therefore, the feedback performance gain f , i.e. array gain, is equal to
f = 
f
1 + 
f
2
From (3.4.14), it is clear that if f > 0, the designed closed-loop system
can obtain additional performance gain, which leads to an improved whole
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channel gain, and correspondingly the SNR at the destination receiver. Also,
it is clear that the weighted phase values u1 and u2 can control the values
of f1 and 
f
2 . Therefore, calculating the weighted phase values u1 and u2 is
important to ensure that the values of f1 and 
f
2 are always non-negative
values. In a point-to-point MIMO system, calculating u1 and u2 as in [29]
and [30] is much simpler than that in the case of a cooperative relay system
because in the MIMO system only the channels between the transmitter
and the receiver are considered in the analysis while here the channels in the
two hops should be considered which makes the calculation more involved.
However, in the following, three methods to calculate the weighted phase
values u1 and u2 are suggested which are dierent in the way of exploiting
the feedback information. In the rst method, the closed-loop system is
designed to employ the weighted phase values u1 and u2 only if the values
of 1 and 2 are negative. Hence, u1 and u2 turn the negative sign(s) of the
values of 1 and 2 to be positive. Mathematically [29],
u1 = ( 1)k1 and u2 = ( 1)k2
where the values of k1 and k2 can be computed by using the following pro-
posed design criterion:
k1 =
8><>: 0 if Refh

SR2
hR2DhSR1hR1Dg  0
1 otherwise
(3.4.15)
k2 =
8><>: 0 if Refh

SR3
hR3DhSR4h

R4D
g  0
1 otherwise
(3.4.16)
Hence, this method requires only one-bit as a feedback which means the
rotation angle for the signals is either 0 or .
In the second method, the closed-loop system is designed to employ the
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weighted phase values u1 and u2 all time whether the values of 1 and
2 are negative or positive in order to leverage the feedback gain to the
maximum. Therefore, the weighted phase values u1 and u2 can be calculated
as follows [30]
u1 = e
j1 and u2 = e
j2
where the phase rotation angles 2 and 2 that depend on the two-hop chan-
nels of the cooperative relay system can be calculated based on the following
proposed design criterion
1 =  \(hSR2hR2DhSR1hR1D) (3.4.17)
2 =  \(hSR3hR3DhSR4hR4D) (3.4.18)
where \(:) denotes the angle operator.
Therefore, exact phase rotation angles are used for feedback which requires
very large feedback overhead. In fact, this method can not be used in prac-
tical wireless application due to the limited feedback bandwidth but it can
instead be used as a benchmark for other methods. However, this method
can be represented as the general form of the rst method.
To gain the same advantage of the exact phase feedback scheme (the second
method) with limited feedback, a quantization scheme, which is the third
method, is proposed. This method quantizes the perfect phases found in
(3.4.17) and (3.4.18) to a number of bits for each phase. In the simulation
results, very little degradation in end-to-end BER performance as compared
with exact phase scheme will be shown in Section 3.5 which makes the quan-
tization scheme a more practical and feasible solution.
3.4.5 Closed-loop D-EO-STBCs for three relay nodes
For wireless relay networks equipped with three relay nodes, the relay nodes
process their received noisy signal according to Table 3.3 in order to con-
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struct the specied codeword from the two D-EO-STBC codeword matrices
mentioned in (3.4.5) at the destination node. From computational complex-
ity viewpoint, the rst codeword matrix is the best choice.
However, to achieve at least full spatial cooperative diversity, only one feed-
Table 3.3. Block coding over the three relay nodes in the Relaying
phase
Relay Nodes
R1 R2 R3
A1y1 +B1y

1 A2y2 +B2y

2 A3y3 +B3y

3
back link is required to ensure that the  is always non-negative as shown
in Fig. 3.3. Therefore, the closed-loop system is designed to employ only
one weighted phase value u1 which can be determined by using any one of
the proposed three methods mentioned in the previous section. In fact, by
using the rst method, only a single feedback bit is required to achieve at
least full cooperative diversity.
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Figure 3.3. Schematic representation of the proposed closed-loop EO-
STBC system for three relay nodes with one feedback link.
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3.4.6 Concatenated D-EO-STBC with Viterbi-decoded convolu-
tional codes
The original cooperative relay system with D-EO-STBC can achieve the
maximum possible diversity order in addition to array gain with a simple
ML decoding algorithm. However, in practice, D-EO-STBC should be con-
catenated with an outer channel code technique such as a convolutional
code [113] to further improve the system performance. As a result, a sig-
nicant coding gain can be provided but at the expense of a reduction in
the data rate by a factor equal to the code rate. Convolutional codes rep-
resent one technique within the general class of error-correcting codes [113]
and [114] which are used widely in many wireless applications such as mobile
communications, and satellite communications in order to achieve reliable
and ecient transmission over various channel conditions. Convolutional
codes are commonly specied by three parameters which are required out-
put data, current input data and the constraint length of the code where
the ratio of the number of input data bits to the number of output data
bits is the code rate. Therefore, the convolutional encoder depends on the
current input data and the constraint length of the code to provide output
coded data. On the other hand, one of the most attractive and ecient
existing techniques for decoding convolutional codes especially for relatively
small code constraint length is the Viterbi technique [115] and [114]. This
decoding technique can provide ML performance.
In practice, the combination of convolutional encoder and Viterbi ML de-
coder is a very popular and robust technique to mitigate the eect of fading
channels and improve the performance of communication thereby taking ad-
vantage of achieving a signicant coding gain.
In the simulation result section, the improvement in system behaviour has
been investigated when the proposed scheme is concatenated with a half rate
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binary convolutional encoder at the source and the associated Viterbi ML
decoder at the destination. Therefore, the incoming data are rstly encoded
by a half-rate convolutional encoder and then fed into the signal mapper
while at the destination side the received data are decoded by the Viterbi
ML decoder before extracting the data.
3.5 Simulation Results
In this section, the end-to-end BER performance of the proposed D-EO-
STBC schemes is compared with earlier proposed schemes in quasi-static
at fading channels. The fading is constant within a frame and changes
independently from frame-to-frame. Each frame consists of two blocks of 64
symbols in the simulation. The source, relays and destination are considered
to have only one half duplex antenna. All schemes use quadrature phase-
shift keying (QPSK) modulation and have the same total power. The x-axis
shows the average transmitted power from the source node in dB and the
y-axis shows the end-to-end BER.
In Fig. 3.4, the performance of the proposed D-EO-STBC for four relay
nodes is shown. It is seen that the closed-loop D-EO-STBCs for the three
methods are better than the open-loop D-EO-STBC scheme. In partic-
ular, at a BER of 10 4, the proposed D-EO-STBC scheme with one-bit
feedback (method 1) provides approximately 6.1 dB improvement, the pro-
posed scheme with exact phase feedback (method 2) provides approximately
6.8 dB improvement while the proposed scheme with 2-bit quantized phase
feedback (method 3) provides approximately 6.7 dB improvement. It is clear
that method 2 provides the best BER performance but at the expense of a
very large number of feedback bits which is dicult or even impossible to
achieve in a practical wireless application due to the very limited feedback
bandwidth. However, method 3 performs very close to method 2 with a
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very limited number of feedback bits (2-bits/transmission). The dierence
in performance between these two methods is less than 0.1 dB for the test
environment. Moreover, the improvement increases as the average transmit-
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Figure 3.4. Performance comparison for various STBCs in a four relay
wireless network.
ted power increases. This improvement of the proposed closed-loop schemes
is because they achieve full cooperative diversity of order four combined with
array gain. In fact, the dierence between the three methods is in array gain
quantity. The gure also provides a comparison of the proposed schemes with
the distributed orthogonal STBC (D-OSTBC) [26], using the optimal power
allocation protocol for distributed space-time codes with unequal time inter-
vals as in [49], and the D-Alamouti scheme [23] and [52]. First, the design of
the D-OSTBC is explained. It is a rate-3/4 complex O-STBC as mentioned
in [26]. It was selected because of its orthogonality, its high transmission
rate and its relatively low decoding delay (because fewer symbol periods are
used) as compared to the other rate-1/2 complex O-STBCs. It is clear that
the proposed D-EO-STBC scheme outperforms both of them. Specically,
when the BER is 10 4, the proposed open-loop scheme can achieve more
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than 3 dB gain over the D-Alamouti scheme and more than 19 dB gain
(o plot) over D-OSTBC. Moreover, the proposed scheme achieves half full
transmission rate (full rate at each hop) which is better than the D-OSTBC
transmission rate where its actual end-to-end transmission rate is equal to
3/7 if the ratio of number of transmitted symbols to the number of chan-
nel uses is considered (unity code in the rst hop and 3/4 code rate in the
second hop) while achieving the same transmission rate as the D-Alamouti
scheme. It is obvious that in the high average transmitted power region, the
dierence in improvement becomes bigger for the proposed schemes.
On the other hand, concatenation of the proposed D-EO-STBC scheme
based on method 2 with a half rate convolutional code is studied as de-
picted in Fig. 3.4. As observed, approximately 2.1 dB additional gain has
been achieved as compared to the proposed scheme based on method 2 when
BER = 10 4. This is because the coded scheme has achieved further coding
gain.
In Fig. 3.5, the performance of the proposed D-EO-STBC scheme with
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Figure 3.5. Performance comparison for various STBCs in a three
relay wireless network.
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2-bit quantized feedback (method 3) is shown for three relay nodes. Because
method 3 is the most practical scheme as compared to the other two methods
due to its ability to retain the advantage of the exact phase feedback scheme
(method 2) with very limited number of feedback bits (2-bits/full transmis-
sion), this method is selected for this gure. However, similar results for
the other methods can be concluded as in Fig. 3.4 so they are not repeated
in this simulation. It can be seen that the closed-loop D-EO-STBCs based
on method 3 is better than the D-EO-STBC without feedback. In partic-
ular, at BER of 10 4, the proposed closed-loop D-EO-STBC scheme pro-
vides approximately 8.3 dB improvement. Furthermore, the improvement
increases as the average transmitted power increases. In fact, the closed-
loop scheme achieves full cooperative diversity of order three combined with
array gain. The gure also provides a comparison of the proposed scheme
with the D-OSTBC [26] and the D-Alamouti scheme. It is clear that the
proposed closed-loop scheme outperforms both of them while the open-loop
scheme provides better performance than the D-OSTBC but worse than the
D-Alamouti scheme. For example, at BER = 10 4, the proposed closed-loop
scheme provides approximately 7 dB and 24 dB (o plot) improvements as
compared to the D-Alamouti and D-OSTBC schemes, respectively, while
the open-loop scheme provides approximately 15 dB (o plot) improvement
as compared with D-OSTBC scheme and less than 2 dB reduction as com-
pared with the D-Alamouti scheme. On the other hand, the performance
of the coded D-EO-STBC scheme with 2-bit quantized feedback based on
a half rate convolutional code is shown in the gure. It is clear that the
closed-loop coded D-EO-STBC scheme provides better performance than
the closed-loop uncoded D-EO-STBC scheme. For instant, 2 dB improve-
ment can be achieved at BER = 10 4.
On the other hand, the performance of the proposed closed-loop D-EO-
STBC scheme for four relay nodes in the case of erroneous feedback channel
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is investigated at Ps=20 dB as depicted in Fig. 3.6. The x-axis presents the
probability of error in the feedback link P(e) which ranges from 0 to 1 and
the y-axis presents the end-to-end BER. Interestingly, the proposed closed-
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Figure 3.6. Performance comparison for various STBCs in a three
relay wireless network.
loop D-EO-STBC scheme is relatively robust to the errors in the feedback
channel. In particular, the BER performance remains relatively constant
with increasing P(e) until P(e)=10 2 where the BER performance decreases
sharply. However, the closed-loop scheme still provides better BER perfor-
mance as compared to the open-loop scheme even with feedback errors. For
example, at Ps = 20 dB and when feedback is fully erroneous, the BER per-
formance of the proposed closed-loop scheme is approximately 7:2 10 4 as
shown in Fig. 3.6 while the BER of the open-loop scheme is approximately
2 10 3 as shown in Fig. 3.4.
Finally, as shown from the simulations, the proposed D-EO-STBC schemes
can be implemented over four relays and three relays which make these
schemes exible and feasible for dierent circumstances such as when one
relay fails within a network equipped with four relays (due for example to
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maintenance purpose or shadowing eects) or adding one relay to a network
consisting of three relays.
3.6 Summary
In this chapter, a complex D-EO-STBC transmission scheme for wireless
cooperative relay networks was proposed. Simulations showed that D-EO-
STBC provides better performance than the D-Alamouti scheme and the D-
OSTBC when both closed-loop and open-loop schemes are used in the case
of four relays and when closed loop in the case of three relays is used. In
terms of data rate, the open-loop D-EO-STBC provides half full rate which
is equal to the data rate of the D-Alamouti scheme and outperforms the
D-OSTBC. These results are very encouraging since the total transmission
power is the same or constant in addition to the information symbols being
decoded separately in a very simple manner at the receiver. The simulations
also show that with partial channel knowledge at the relays, the D-EO-STBC
achieves higher gain compared with no feedback because the closed-loop D-
EO-STBC achieves full diversity gain in addition to array gain. For systems
with three and four relay nodes, the amount of feedback information per
block is as little as 1 bit and 2 bits, respectively. Finally, the main result
is that the extended schemes in wireless relay networks potentially save a
transmission time and power.
On the other hand, this scheme is introduced assuming an ideal environment
with no synchronization problem which is theoretically valid. However, in
practice synchronizing multiple relays with the destination maybe a problem.
In the next chapter, this problem will be considered and addressed for both
frequency at and frequency-selective channels.
Chapter 4
COOPERATIVE D-EO-STBC
SCHEME TOLERANT TO
IMPERFECT
SYNCHRONIZATION FOR
NARROWBAND AND
BROADBAND RELAY
SYSTEMS
Employing multiple relay nodes between source and destination nodes can
provide enhanced cooperative diversity in wireless relay systems as shown in
Chapter 3. However, in practice, there is an eective problem of synchro-
nization between these multiple relay nodes due to several factors such as
dierent propagation delays, dierent relay locations, and dierent relay os-
cillators. As a result, the relay signals arrive at dierent time instants at the
destination which may cause inter-symbol interference (ISI). In this chapter,
a novel robust scheme for three and four relay nodes to employ in cooperative
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relay networks without requirement of synchronization between relay nodes
is proposed. Based on distributed extended orthogonal space-time block
code (D-EO-STBC) type transmission coding, low-rate quantized feedback
approaches that can achieve full cooperative diversity and array gain with
unity code rate over each hop in the case of one-way systems, and end-to-end
code rate of 2/3 for two-way systems, will be presented. In these schemes, or-
thogonal frequency division multiplexing (OFDM) type pre-coding has been
employed with cyclic prex (CP) insertion at the source node to combat
the eects of random delays at the relay nodes, which operate in a simple
amplify-and-forward (AF) mode. In this chapter, a one-way narrowband
system, where the two-hop channels are assumed to be at Rayleigh fad-
ing, is initially considered. A new low complexity quantized phase feedback
scheme is proposed for narrowband systems which can retain the advantage
of the perfect feedback scheme with substantial reduction in the feedback
overhead. Next, a one-way broadband system, where the two-hop channels
are assumed to be frequency-selective Rayleigh fading, is consider. To reduce
the feedback overhead signicantly, two types of quantized group feedback
approaches are proposed which can enhance the system performance. Fi-
nally, this scheme is developed for a two-way broadband scenario where two
terminals exchange their independent information via relay nodes located
between them. The resultant closed-loop-based D-EO-STBC transmission
scheme exploits a three-time slot framework which can achieve full cooper-
ative diversity with array gain at each terminal and high end-to-end trans-
mission rate of 2/3. Simulation results are included to conrm that these
schemes provide better bit error performance as compared with previous
schemes. Furthermore, a very simple fast symbol-wise maximum-likelihood
(ML) decoder can be employed at the destination node to extract the infor-
mation symbols.
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4.1 Introduction
Wireless communication systems will require ecient and cost eective ap-
proaches to meet increased performance demands. One of the promising
and potential candidate approaches for such systems is cooperative diversity
schemes. Theses schemes have the ability to combine benets of multi-
antenna systems in terms of high reliability and throughput without the
need for increasing the bandwidth, with the advantages of relaying systems
in terms of power-eciency, high coverage and avoiding shadow fading with-
out employing multiple antennas at individual nodes [8], [116]. In these
schemes, dierent nodes between the source and destination in the wireless
relay network share their antennas and resources to create a virtual array.
By cooperation between them, they forward the received data generated by
the source to the destination after some processing at each relay node and
thereby exploit cooperative diversity. In cooperative relay systems, there
are two main relaying protocols used to help a source to communicate with
its destination which are decode-and-forward (DF) and AF protocols. How-
ever, the AF protocol is more practical for its simplicity in implementation
because there is no need for the decoding process at the relay nodes. For-
tunately, space-time code transmission schemes which are ecient transmit
diversity techniques that were originally proposed for multi antenna systems
can be employed over cooperative relay network in a distributed framework
which can eectively exploit the cooperative diversity gains oered by coop-
erative relay systems with very low decoder complexity. However, in most
previously proposed cooperative diversity schemes, it has been assumed that
perfect synchronization is achieved at the destination [8], [49], [53], [67], [68].
In practice, the relay nodes within cooperative systems are spread over dier-
ent locations which makes synchronization between these nodes dicult to
achieve. In this work, the asynchronism considered is for the former case and
Section 4.1. Introduction 70
is manifested in the variation of the frame delays from the dierent relays.
Recently, there have been several studies on such asynchronous cooperative
relay systems for DF and AF schemes [21], [73], [76], [77], [78], [82], [80]
and [79]. Most of them are proposed for at fading channels which lim-
its their application to narrowband systems. To combat the timing er-
rors from relay nodes, an OFDM-based transmission approach is proposed
in [74], [75], [80], [83] for application over relay nodes which results in high
computational complexity. In [81], at the source node for transmission, an-
other scheme is suggested in which the OFDM pre-coding over relay nodes is
avoided which results in reduced computational complexity. However, this
scheme is limited to a distributed Alamouti (D-Alamouti) code which re-
stricts its applications to a wireless system with only two relays and therefore
the maximum achievable cooperative diversity is order two. This scheme has
been developed for frequency-selective fading channels over wireless systems
with two relays [21]. Utilizing more than two relay nodes for the cooperative
relay system will result in improved diversity, and, hence, better mitigating
the detrimental eects of fading channels. However, extracting full diversity
and unity code form complex space-time code designs do not exist for more
than two relays. In this chapter, an OFDM type pre-coding at the source
node with a CP addition combined with closed-loop schemes based on D-EO-
STBC transmission are proposed for asynchronous cooperative relay systems
which are equipped with four relay nodes. Full cooperative diversity with
unity code at each phase can be achieved and timing errors and fading can
be eectively resolved.
Additionally, most previous cooperative schemes have considered only one-
way communication. Recently, two-way relay network (TWRN) communi-
cations have gained much interest from researchers [86], [87], [88], [89]. In a
TWRN, where two terminal nodes exchange their information with the assis-
tance of the relay nodes located between them, in addition to exploiting the
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cooperative diversity gains, the combined end-to-end transmission rate of the
network can be improved [90]. In [86], the authors considered distributed
space-time block coding (D-STBC) over at fading channels while in [87]
the authors considered D-STBC over frequency-selective channels. Asyn-
chronous delay-tolerant D-STBCs for AF-TWRNs were proposed in [87] to
achieve full cooperative diversity. Also, asynchronous coding schemes based
on distributed orthogonal STBCs (D-OSTBCs) and distributed extended
quasi-orthogonal STBCs (D-QO-STBCs) for a TWRN were proposed in [90]
to achieve full diversity whilst utilizing an ML decoder.
In this chapter, robust closed-loop schemes based on D-EO-STBC transmis-
sion are proposed for one-way and two-way asynchronous cooperative relay
systems which are equipped with four relay nodes. By applying limited par-
tial feedback in the form of a phase rotation at two particular relay nodes,
full cooperative diversity in addition to array gain can be achieved and a very
simple symbol-wise ML decoder can be used. These contributions can eec-
tively resolve the eects of multipaths and timing asynchronicity between the
relay nodes by implementing OFDM type pre-coding at the source node and
adding a CP. In particular, the proposed schemes for one-way communication
is adapted for frequency-at and frequency-selective fading channels and one
timing error type which is asynchronicity at the destination node, while the
proposed schemes for two-way communication consider frequency-selective
fading channels and two timing error types which are the asynchronicity
errors at the relay nodes and at the two terminals. To make these feed-
back schemes practical, feedback based quantization techniques have been
proposed which can improve the overall system performance with signi-
cant reduction in feedback overhead. The temporal diversity available in the
multipath links of the broadband systems can be exploited through using
space-time-frequency block codes [117]. However, this issue is outside of the
scope of this chapter.
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4.2 One-Way Asynchronous Cooperative Relay Networks
In these networks, the source node transmits its information to the des-
tination node via a collection of cooperative relay nodes. This section will
consider narrowband and broadband communication systems where synchro-
nization among the relays nodes is not required.
4.2.1 One-way system model and problem statement
Consider a wireless relay system with one source node, one destination node,
and four half-duplex relay nodes, as shown in Fig. 4.1. Every node in the
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Figure 4.1. Wireless relay network with single source and destination
together with a four relay stage.
system has only one antenna. The relay nodes are distributively located
between the source and destination nodes. The source coverage extends to
include the relay nodes but not the destination node due to deep fading,
heavy path loss or shadowing eects, or the coverage design of the source.
So, there is no direct path between the source and the destination nodes.
The relay nodes assist the source in transmitting signals to the destination.
Therefore, the system needs two phases to transmit the signals from the
source node to the destination node. In the rst phase, the source node
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broadcasts the information symbols to the four relay nodes and then stops
sending during the second phase. While in the second phase, the four relay
nodes process the received signals and then retransmits them to the destina-
tion node. Denote the quasi-static fading coecients from the source node
to the ith relay as hSRi and from the ith relay to the destination node as
hRiD, where i = 1; 2; 3; 4.
In real-life wireless applications, each relay node in a cooperative relay sys-
tem is in a dierent location and has its own oscillator so the transmitted
signals from relay nodes will most likely arrive at the destination receiver
at dierent time instants causing the asynchronization problem. Therefore,
there is normally a timing misalignment of i between the received versions
of these signals at the destination because exact synchronization in wireless
networks is dicult if not impossible. Without loss of generality, it is as-
sumed that the receiver at the destination is perfectly synchronized to R1,
i.e. 1 = 0, and i-sample misalignment as compared with the other three
relay nodes R2, R3 and R4 as shown in Fig. 4.2. Therefore, the signals
received at the destination node from the relay nodes will be delayed by i.
In particular, for applying the D-EO-STBC scheme over the cooperative
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Figure 4.2. Wireless relay network with single source, destination and
four relay nodes together with relative time delays.
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four relay network as in Chapter 3, pairs of relay-to-destination paths will
carry the same information symbols, but individual paths have their own
delays which eventually causes a problem of multipath and timing errors.
Such a problem will cause ISI between the received signals.
To solve this problem, a closed-loop D-EO-STBC scheme based on OFDM
pre-coding with CP insertion is proposed in this chapter. To do so, simple
implementations are performed at the source, relay, and destination nodes
as explained later.
4.2.2 D-EO-STBC scheme for one-way narrowband systems
The term narrowband system is used here to refer to the type of the wire-
less channels in this section is assumed to be frequency-at. Specically,
the channels between any two terminals are assumed to be quasi-static at
Rayleigh fading. Therefore, the channels hSRi and hRiD are assumed to be
independent complex Gaussian random variables with zero-mean and unit-
variance, i.e. CN (0; 1).
Broadcasting phase
In this phase, the source node broadcasts sequentially two consecutive OFDM
blocks x = [x1 x

2]
T using the IDFT operation, where each of them is com-
posed of a set of N modulated symbols, xj = [x0;j ; x1;j ; :::; xN 1;j ]T where
j = 1; 2, considering that the elements of the second block are complex con-
jugated. The IDFT transform can be implemented using an IFFT operation
which can signicantly reduce the system computational complexity. So,
s = IFFT(x) = [IFFT(x1) IFFT(x

2)]
T = [s1 s2]
T (4.2.1)
Then before broadcasting them to the four relays, each OFDM symbol sj
is preceded by a CP with length lcp. It is assumed that lcp is not less than
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the channel memory length L and the maximum of the possible relative
timing errors max of the signals arriving at the destination node, i.e. L = 0
due to at fading assumption. Denote two OFDM symbols sj with the
corresponding CP as sj .
Relaying phase
The received signals at relay i for two successive OFDM symbol durations
can be written as
yij =
p
PssjhSRi + vij (4.2.2)
where vij is the corresponding additive white Gaussian noise (AWGN) vec-
tor terms at relay node i with elements having zero-mean and unit-variance,
in two successive OFDM symbol durations, respectively. The channel coef-
cients are assumed constant during two OFDM symbol intervals.
Let Ps denotes the transmission power used at the source node. Then the
mean power of the signal yij at a relay node is Ps + 1 due to the unit vari-
ance assumption of the fading channel from the source node to a relay node,
hSRi , and the additive noise, vij , at the relay node in (4.2.2). Let Pr denote
the average transmission power at every relay node. The optimum power
allocation proposed in [67] is used in this proposed scheme, which yields
Ps = RPr =
P
2
(4.2.3)
where P is the total transmission power in the whole scheme and R is the
total number of the relay nodes.
An AF type relay mode is assumed. So, the four relay nodes will process
and transmit the received noisy signals according to the ith column of the
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relay encoding matrix of the narrowband system, CN ,
CN = 
264y11 y21  (y32)  (y42)
y12 y22 (y

31) (y

41)
375 (4.2.4)
where  =
q
Pr
Ps+1
and (:) represents the time-reversal of the signal, i.e.
(y(k)) = y(N   k); k = 0; 1; :::; N   1, and y(N) = y(0).
According to the simple relay encoding scheme (4.2.4), two relay nodes just
perform pure AF operation while the other two relays perform an AF type
operation after implementing very simple operations on their received noisy
signal in the form of time reversal and complex conjugation. Moreover, the
relay nodes do not need to perform a decoding process or a Fourier transform
operation.
Implementation at the destination node
The relayed signals arrive at the destination at dierent time instants. How-
ever, timing synchronization is easily implemented for the shortest path from
the source to destination. Without loss of generality, this will be assumed
to be the path through relay 1. Hence, the delays for dierent relayed
signals i are measured relative to the received signal from relay 1. Such
relative delays will cause ISI between subcarriers. However, because lcp is
not less than L+ max, the receiver still can overcome the eect of ISI and
the orthogonality between the subcarriers can still be maintained, where
max = maxfig; i = 1; 2; 3; 4 and 1 = 0. On the other hand, the delay
in the time domain can be interpreted in the frequency domain as phase
changes
f i =

f i0 ; f
i
1 ; :::; f
i
N 1
T
(4.2.5)
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Figure 4.3. (a) OFDM frame structure after CP insertion. (b) CP
removal with respect to relay 1 synchronization.
where f ik = exp( j2ki=N) and k = 0; 1; :::; N   1.
To process the data, the receiver performs the following operations:
1. It removes rstly the CP for each OFDM symbol as in a conventional
OFDM system as shown in Fig. 4.3.
2. It then performs the reordering process on the second OFDM received
frames to correct for the misalignment caused by the time reversal in
(4.2.4). This can be performed by shifting the last lcp samples of the
N -point vector as the rst lcp samples.
3. It lastly applies the N-point DFT transformations process, i.e. N-
point FFT, for the two received consecutive OFDM symbols zj =
[z0;j ; z1;j ; :::; zN 1;j ]T taking into account the identities (DFT(x)) =
IDFT(x), (IDFT(x)) = DFT(x), (DFT(x))=IDFT(x) and (IDFT(x))
= DFT(x).
Therefore, the received data signals, zj , can be expressed as
z1 =
r
PsPr
Ps + 1
(x1  h1 + x1  h2   x2  h3   x2  h4) + n1
z2 =
r
PsPr
Ps + 1
(x2  h1 + x2  h2 + x1  h3 + x1  h4) + n2 (4.2.6)
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with
hi=
8><>: f
i  FFT(hSRi)  FFT(hRiD) = f ihSRihRiD if i = 1; 2
f i  FFT(hSRi)  FFT(hRiD) = f ihSRihRiD if i = 3; 4
(4.2.7)
where the operation  is the Hadamard product, i.e. element-wise product,
and n1 = (
P2
i=1 f
ihRiD  FFT(vi1) 
P4
k=3 f
ihRiD  FFT(vi2)) +w1 and
n2 = (
P2
i=1 f
ihRiD FFT(vi2)+
P4
i=3 f
ihRiD FFT(vi1))+w2 where wj
is an AWGN vector at the destination node with elements having zero-mean
and unit-variance.
The z1 and z2 in (4.2.6) can be written as in the following D-EO-STBC form
at each subcarrier k
264 zk;1
zk;2
375 = 
264 xk;1 xk;1  xk;2  xk;2
xk;2 x

k;2 x

k;1 x

k;1
375
| {z }
Xk
266666664
hk;1
hk;2
hk;3
hk;4
377777775
+
264 vk;1
vk;2
375 (4.2.8)
where hk;i=1;2 = f
i
k hSRihRiD, hk;i=3;4 = f
i
k h

SRi
hRiD, nk;1 = (
P2
i=1 f
i
k
hRiDvi;i1  
P4
i=3 f
i
k hRiDv

k;i2) + wk;1 and nk;2 = (
P2
i=1 f
i
k hRiDvk;i2 +P4
i=3 f
i
k hRiDv

k;i1) + wk;2.
Equivalently, the received data signals z1 and z2 at each subcarrier k, con-
jugated for convenience, can be expressed as follows
264 zk;1
zk;2
375 = 
264 hk;1 + hk;2  (hk;3 + hk;4)
(hk;3 + hk;4)
 (hk;1 + hk;2)
375
| {z }
Hk
264 xk;1
xk;2
375+
264 nk;1
nk;2
375
(4.2.9)
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4.2.3 Phase rotation schemes for asynchronous one-way narrow-
band system
As shown in (4.2.9), it is clear that the equivalent channel matrix corre-
sponding to the D-EO-STBC codeword Xk in (4.2.8) used over four relay
nodes is given by
Hk =
264 hk;1 + hk;2  (hk;3 + hk;4)
(hk;3 + hk;4)
 (hk;1 + hk;2)
375 (4.2.10)
Assuming that perfect channel state information (CSI) is available at the
destination receiver and matched ltering is performed with the equivalent
channel matrix in (4.2.10) so the Gramian matrix Gk for each of the k sub-
carriers can be obtained as follows
Gk = H
H
k Hk =
264 k 0
0 k
375 (4.2.11)
where (:)H denotes Hermitian transpose and k represents the channel gain
such that k = k + k where
k =
4X
i=1
jhk;ij2
k = k;1 + k;2 = 2Refhk;2hk;1g+ 2Refhk;3hk;4g
where k is the cooperative diversity gain and k is an interference factor
due to the correlation between channel coecients where k;1 is the interfer-
ence factor related to the channel correlation between the two paths passing
through R1 and R2 and k;2 is the interference factor related to the channel
correlation between the two paths passing through R3 and R4, the operator
j:j2 denotes the squared modulus of a complex number, and Ref:g its real
part and (f ik )
f ik = 1.
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As shown in (4.2.11), the o-diagonal elements are zeros which prove that
the distributed STBC in (4.2.8) is orthogonal, which indicates that the code
can be decoded with a simple ML receiver. The average value of the channel
gain can therefore be expressed as
Efkg = Efk + kg = 4 + Efkg (4.2.12)
As such, the k;1 and k;2 terms may reduce channel gain, and correspond-
ingly the SNR where the relation between channel gain k and the SNR can
be expressed as
SNR = i
2x
2n
= (
4X
k=1
jhi;kj2 + i;1 + i;2)
2
x
2n
(4.2.13)
where 2x=
2
n =
PsPr
Ps+4Pr+1
is the ratio of the total transmit power of the de-
sired signal to the noise power at the destination receiver.
In order to leverage the system gain to the maximum, i.e. full cooperative
diversity and array gain, a simple feedback scheme based on applying ap-
propriate phase rotations, denoted by uk;1 and uk;2, at certain relay nodes
each having dierent code processing in terms of codeword construction, Xk,
is proposed. So doing that, the k;1 and k;2 terms are maximized during
the transmission period. The two relays selected in the system are R1 and
R3 as shown in Fig. 4.4. So, before the signals are transmitted from the
rst and third relay nodes, they are multiplied by u1 and u2, respectively,
while the other two are kept unchanged. Therefore, the process over relay
nodes for the proposed closed-loop D-EO-STBC scheme can be summarized
in Table 4.1. In fact, the feedback scheme which was originally designed
for single-carrier implementation as in [118] is developed here and extended
for multi-carrier implementation by applying the algorithm in [118] for each
OFDM sub-carrier independently using the equivalent source to destination
channel coecients besides performing additional simple operations as shown
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Figure 4.4. Schematic diagram for asynchronous wireless relay net-
work with single source, destination and four relay nodes together with
feedback links to two relays.
Table 4.1. D-EO-STBC over relay nodes for asynchronous narrowband
system
Relay Nodes
Symbol duration R1 R2 R3 R4
OFDM Symbol 1 u1  y11 y21  (u2  y32)  (y42)
OFDM Symbol 2 u1  y12 y22 (u2  y31) (y41)
in Table 4.1. The equivalent channel matrix of the closed-loop scheme, _Hk,
is therefore given by
_Hk =
264 uk;1hk;1 + hk;2  (uk;2hk;3 + hk;4)
(uk;2hk;3 + hk;4)
 (uk;1hk;1 + hk;2)
375 (4.2.14)
and consequently, k = k + 
f
k =
P4
k=1 jhk;ihk;ij2 + k;1 + k;2 where
fk = k;1 + k;2 is the array gain with k;1 = 2Refuk;1hk;2hk;1g and k;2 =
2Refuk;2hk;3hk;4g taking into account that juk;1j2 = juk;2j2 = 1. The val-
ues of k;1 and k;2 after applying the feedback will be positive 
f
k  0
which means that the designed closed-loop system can obtain additional
performance gain, which leads to an improved whole channel gain, and cor-
respondingly the SNR at the destination receiver.
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The weighted values uk;1 and uk;2 for each subcarrier k are computed as in
the following uk;1 = e
jk;1 and uk;2 = e
jk;2 . So, the following design criteria
can be proposed:
k;1 =  \(hk;2hk;1) and k;2 =  \(hk;3hk;4) (4.2.15)
where the operation \(:) is the angle value.
In this case, the values of the two phase rotations k;1 and k;2 are computed
perfectly. However, feeding back the exact values of k;1 and k;2 requires
very large feedback overhead which in practice may not be available due to
the very limited feedback bandwidth. Therefore, the phase angles should be
quantized to minimize the overhead of the feedback channel. In this work,
two quantized phase feedback strategies have been proposed.
Direct quantization strategy
This strategy is based on applying quantization directly to k;1 and k;1
for each OFDM subcarrier with b-bits assigned as feedback for each sub-
carrier phase. In this strategy, the overhead of the channel is proportional
to the OFDM symbol length and the number of bits that are used for the
quantization process. In simulation, 2-bit feedback per sub-carrier phase
quantization (2-bit FB/SCPQ) with the overhead of 128 bits/feedback link
and 1-bit FB/SCPQ with the overhead of 64 bits/feedback link have been
used. The proposed scheme is designed to implement only two feedback
links.
Sub-carrier quantized phase linear interpolation considering discontinuity (SCQPLI-
CDC) strategy
The perfect phase angle for each OFDM symbol subcarrier k is represented
diagrammatically in Fig. 4.5 (a) and (c) for two dierent sets of channel
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Figure 4.5. Instantaneous OFDM N=64 sub-carriers phase rotation
based on: (a) Independent calculations (descending relation). (b) The
proposed scheme with 6-bits quantized value for each of the rst two
angles together with error measure between the two scheme results.
(c) Independent calculations (ascending relation). (d) The proposed
scheme with 6-bits quantized value for each of the rst two angles to-
gether with error measure between the two scheme results.
realizations. It is clear from these gures that the phase angles change lin-
early with k. In fact, the phase angles uctuate between  and  , i.e. the
principal phase range, which make this relationship discontinuous at several
points. As marked on Fig. 4.4(a), the carriers are divided into groups where
all the subcarrier phases lie on a continuous linear phase portion. In other
words, each group of consecutive subcarriers has a linear relationship and is
in parallel with the others. Therefore, the relationship between the change
in phase rotations is linear but discontinuous. However, these linear relation-
ships may be ascending or descending. In the proposed scheme, both cases
are considered. This process requires two stages. In the rst stage at the des-
tination receiver, the phase rotations of the rst and second sub-carriers, 0;j
and 1;j , are calculated. In this case, the values of these two phase rotations
are computed perfectly which requires many feedback bits which in practice
may not be possible. So, these two phase rotation angles are quantized as;
0;j and 1;j , to minimize the required feedback bits. The quantization bits
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should be 6 bits or more to improve the interpolation process as shown in
Fig. 4.5. After that, the two phase rotations are fed back to certain relay
nodes. At the relay nodes, which is the second stage, the relay interpolates
the remaining subcarriers phase rotations [2;j 3;j ::: N 1;j ] exploiting the
linear relationships between them whilst considering the discontinuities and
if these relations are ascending or descending. So,
i;j = i 1;j +Dj (4.2.16)
where
Dj =
8><>: 1;j   0;j if j1;j   0;jj > j1;j   0;j   2j1;j   0;j   2 otherwise (4.2.17)
and if i;j >  or i;j <  , then
i;j =
8><>: i;j + 2 if Dj < 0i;j   2 otherwise (4.2.18)
This simple phase relationship across subcarriers simplies the calculation of
sub carrier phase rotation angles. Therefore, the quantized CSIs for the rst
two subcarriers are only required to compute the phase rotation angles for
the remaining subcarriers. This then reduces the feedback requirements for
the proposed scheme to the quantized phase rotation of the rst and second
subcarriers. Therefore, the feedback overhead will be signicantly reduced
which makes this scheme very attractive for wireless communication systems.
4.2.4 Closed-loop asynchronous D-EO-STBCs for three relay nodes
For the wireless networks equipped with three relay nodes, one of the fol-
lowing encoding matrices is performed at the cooperative three relay nodes
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exploiting the free-scale property of the D-EO-STBC codeword Xk in (4.2.8)
264u  y11 y21  (y32)
u  y12 y22 (y31)
375 or
264y11  (u  y22)  (y32)
y12 (u  y21) (y31)
375 (4.2.19)
In this case, only one feedback link, u, is required to achieve full cooperative
diversity with array gain in addition to unity code at each phase. It is
clear that the left-hand encoding matrix is better in terms of low complexity
where only one relay has to implement complex conjugation and time revision
simple operations. However, the constructed codeword for each subcarrier k
at the destination will be one of the following forms, respectively,
264 xk;1 xk;1  xk;2
xk;2 x

k;2 x

k;1
375 or
264 xk;1  xk;2  xk;2
xk;2 x

k;1 x

k;1
375 (4.2.20)
Similarly, the quantized feedback schemes proposed for four relay nodes can
be utilized for the case of three relay nodes with appropriate modications.
4.2.5 D-EO-STBC scheme for one-way broadband systems
In a broadband two-hop wireless communication network, the channels dur-
ing the two hops are usually assumed to be frequency-selective fading chan-
nels which implies that the transmitted signals via relays experience multi
paths to arrive at the destination node [79]. Furthermore, the transmitted
signals from relay nodes will most likely arrive at the destination receiver
at dierent time instants due to dierent propagation delays, dierent relay
locations, and dierent relay oscillators.
In the previous section, a D-EO-STBC scheme has been designed for multi-
carrier system over quasi-static at fading channels. In this section, the
D-EO-STBC scheme will be extended to the quasi-static frequency-selective
context using similar implementation processes at the source, relay, desti-
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nation nodes with some signicant dierences. Specically, there are two
important dierences in the open-loop scheme and one more in the closed-
loop scheme as explained later. Mathematically, the multiplication process
between the information symbols and the system channels in the case of
narrowband systems is converted into a convolutional process in the case
of the broadband systems. In the following, the open-loop and closed-loop
D-EO-STBC schemes are presented.
Open-loop D-EO-STBC scheme for asynchronous one-way broadband relay net-
works
The system model in Fig. 4.2 is considered. The channels between the
source node and relay nodes, hSRi , and between the relay nodes and the
destination node, hRiD, are assumed to be quasi-static frequency-selective
Rayleigh fading channels so that the vectors hSRi and hRiD have elements
which are independent complex Gaussian random variables with elements
having zero-mean and unit-variance. The half-duplex four relay nodes use
AF relaying protocol. Similarly, as in one-way narrowband relay networks,
in the rst phase, the source node broadcasts sequentially two consecutive
OFDM symbol blocks s = IFFT(x) = [IFFT(x1) IFFT(x

2)]
T = [s1 s2]
T
where xj = [x0;j ; x1;j ; :::; xN 1;j ]T and each OFDM symbol is preceded by
a CP with length lcp1 while in the second phase, the relay nodes rstly
eliminate the CP before they apply simple linear operations, as in the pre-
vious section, over the received signals and then add a CP with length lcp2
before forwarding them to the destination node where the information ex-
traction process is performed. In fact, there are two important dierences as
compared with the open-loop D-EO-STBC scheme for narrowband systems
which are
1. CP insertion process occurs twice, the rst one is performed at the
source node just before broadcasting the information symbols while
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the second one is performed at the relays just before forwarding their
received noisy signals towards the destination. Consequently, the CP
removal process occurs twice, the rst one is performed at the relay
nodes while the second one is performed at the destination.
2. At the destination node, a reordering process is not required, which
results in minimizing the decoding complexity and delay.
Therefore, the received signals at relay node i, in two successive OFDM
symbol durations j, after the CP removal process at the relay nodes can be
written as
yij = sj 
 hSRi + vij (4.2.21)
where 
 denotes a linear convolution operation and the vector vij contains
the corresponding zero mean AWGN terms at the relay node i with zero-
mean and unit-variance, respectively.
The received signals at the relays are then subject to the same process as in
equation (4.2.4) considering the CP removal and insertion processes at the
relay nodes. At the destination node, the same procedure as in the previous
section is followed to decode the information symbols considering that the
fading channels are quasi-static frequency-selective and the reordering pro-
cess is avoided. Therefore, the channel gain for each subcarrier k, k, can
be calculated as
k =
4X
i=1
jhk;ij2 + k;1 + k;2 (4.2.22)
with the interference factors k;1 = 2Refhk;2hk;1g and k;2 = 2Refhk;3hk;4g.
Closed-loop D-EO-STBC scheme for asynchronous one-way broadband relay
networks
From (4.2.22), it is clear that the k;1 and k;2 terms may reduce the perfor-
mance of the system. In order to extract full cooperative diversity and array
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gain, i.e. achieving maximized performance, a simple feedback scheme as
in the previous section is proposed to modify the transmitted signals from
certain two relay nodes each having dierent code processing by rotating
with an appropriate phase angle, denoted by uk;1 and uk;2, to ensure that
the k;1 and k;2 terms are maximized during the transmission period. The
two selected relays to perform phase rotation which process their forwarded
signals are R1 and R3 as shown in Fig. 4.3. So, before the signals are trans-
mitted from the rst and third relay nodes, they are multiplied by u1 and
u2, respectively, while the other two relays are kept unchanged. To apply
the weighted values uk;1 and uk;2 over each subcarrier k, the two selected
relays require to perform an N-point OFDM transformation (FFT=IFFT)
operation to be able to change the phase rotation of their signals to the
proper phases. Therefore, the received signals at the two selected relays, R1
and R3, after CP removal process can be expressed as
yij = FFT(sj 
 hSRi + vij);where i = 1; 3 (4.2.23)
According to that, the encoding relay matrix in equation (4.2.4) is changed
to
CB =
264 IFFT(u1  y11) y21  IFFT(u2  y32)  (y42)
IFFT(u1  y12) y22 IFFT(u2  y31) (y41)
375 (4.2.24)
where CB denotes the encoding relay matrix for the broadband system.
Therefore, the process over relay nodes will include FFT/IFFT operation
over two particular relays in addition to time-reversal and complex conjuga-
tion operations. However, the time-reversal is discarded over the relays that
perform the IFFT operation which result in a good compromise in terms
of the computational complexity. The processes over the relay nodes before
relaying their signals are summarized in Table 4.2. For the encoding matrix
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for the four relay broadband system in equation (4.2.24), it is possible to de-
rive two encoding matrices for use in the case of the three relay broadband
system due to the free-scale property of the D-EO-STBC codeword which
are264 IFFT(u  y11) y21  (y32)
IFFT(u  y12) y22 (y31)
375 or
264 y11  IFFT(u  y22)  (y32)
y12 IFFT(u  y21) (y31)
375
(4.2.25)
Table 4.2. Closed-loop D-EO-STBC over relay nodes for asynchronous
broadband system
Relay Nodes
Symbol duration R1 R2 R3 R4
OFDM Symbol 1 IFFT(u1  y11) y21  IFFT(u2  y32)  (y42)
OFDM Symbol 2 IFFT(u1  y12) y22 IFFT(u2  y31) (y41)
However, after the four relay nodes process their received signals according
to Table 4.2, they forward them towards the destination node. At the desti-
nation node, the received signals are subjected to the same procedure as in
the open-loop scheme which yields the following equivalent channel matrix,
_Hk,
_Hk =
264 uk;1hk;1 + hk;2  (uk;2hk;3 + hk;4)
(uk;2hk;3 + hk;4)
 (uk;1hk;1 + hk;2)
375 (4.2.26)
and consequently, k =
P4
i=1 jhk;ihk;ij2 + k;1 + k;2 where k;1 = 2Refuk;1
hk;2hk;1g and k;2 = 2Refuk;2hk;3hk;4g taking into account that juk;1j2 =
juk;2j2 = 1. The values of k;1 and k;2 after applying the feedback will
always be non-negative which means that the designed closed-loop system
can obtain additional performance gain, which leads to an improved whole
channel gain, and correspondingly the SNR at the destination receiver.
The two phase rotations k;1 and k;2 of the weighted values uk;1 and uk;2
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for each subcarrier k are similarly computed as
k;1 =  \(hk;2hk;1) and k;2 =  \(hk;3hk;4) (4.2.27)
Feeding back the exact values of the two phase rotations k;1 and k;2 requires
very large feedback overhead which may not hold in practice. Therefore, the
phase angles should be quantized to reduce the overhead of the feedback
channel. Unfortunately, the SCQPLI-CDC strategy can not hold in the con-
text of frequency-selective channels due to the non-linear phase relationships
between the OFDM subcarriers. However, in this work, two quantized phase
feedback strategies have been proposed as shown below.
Direct quantization strategy
This strategy is based on applying quantization directly to k;1 and k;1 for
each OFDM subcarrier with b-bits assigned as feedback for each subcarrier
phase. As noted, this strategy is similar to that in the context of at fading
channels. However, the required overhead feedback in the case of frequency-
selective channels is relatively high due to the high correlation among OFDM
subcarriers. In the simulation, b = 1 bit/phase and b = 2 bits/phase have
been used.
Group quantization strategy
This strategy can exploit the high correlation that exists among OFDM sub-
carriers as in [119]. This strategy can be divided into two methods which are
xed-group quantization method and adaptive-group quantization method.
For an arbitrary frequency-selective channel of length eleven, the two level
quantized phase feedback required for a 64 point OFDM symbol are com-
puted based on xed and adaptive group feedback schemes and depicted in
Fig. 4.6. In the following, the two methods will be explained.
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Figure 4.6. (a) Instantaneous OFDM N=64 sub-carriers phase rota-
tion. (b) Group feedback scheme with xed group size (Ng = 8 sub-
carriers) using 2-bits/group.(c) Group feedback scheme with adaptive
group size using 2-bits/group.
Fixed-group quantization method
This method is based on dividing the OFDM subcarriers into size Ng adja-
cent groups and hence one quantized phase is feedback for each group instead
of for each subcarrier as shown in Fig. 4.6(b). The phase angles required
are determined according to the majority of phase angles within each group.
By this way, the feedback overhead can be reduced from Nb to (N=Ng)b.
Also, this strategy can improve the bit error rate (BER) performance of
the system compared with the system without feedback. However, at low
quantization levels the system performance may not achieve full cooperative
diversity. Furthermore, this strategy could provide better performance when
the length of channels gets smaller as a result of the reduction in OFDM sub-
carrier phase uctuations and therefore the reduction of quantization errors.
From Fig. 4.6(b), the feedback overhead for the 64 OFDM subcarriers can
be computed for the direct quantization strategy using 2-bits/subcarrier to
be equal to 128 bits while for the xed-group quantization strategy using
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2-bits/group to be equal to 16 bits.
Adaptive-group quantization method
To improve the behaviour of the quantization strategy, an adaptive group
feedback scheme is proposed. It is based on changing the group size according
to the crossings over the zero phase line as shown in Fig. 4.6(c). This
scheme can provide better BER performance but at the expense of increasing
the total feedback overhead due to the requirement of feedback for both
subcarriers groups and each crossover position.
4.3 Two-Way Asynchronous Cooperative Relay Networks
In two-way wireless relay networks, the two terminal nodes exchange their in-
dependent information with the assistance of the relay nodes located between
them. Therefore, the transmission data rate can be enhanced as compared
with one-way wireless relay networks. However, in practice, the relay nodes
either receive the two terminals signals at separate time instants or at the
same time instants, but this may cause signal collision problem at the relay
nodes. Also, the relay nodes are located at dierent places which causes
asynchronization problems at the relays and terminal nodes. In addition to
that, the nature of the wireless environment might cause a multipath prob-
lem. In this section, robust D-EO-STBC schemes that consider the above
mentioned problems are proposed which can eectively exploit the spatial
diversity gain among the relay nodes and the available throughput data rate.
4.3.1 Two-way system model
Consider a wireless network with two terminal nodes, Tm, m = 1; 2, and four
relay nodes, Ri, i = 1; 2; 3; 4, located between them as shown in Fig. 4.7.
All system nodes are in half-duplex mode and equipped with one antenna
which is used for both transmission and reception. So, each terminal can be
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Figure 4.7. Wireless relay network for two-way broadband system
where two terminals exchange their information via a relay stage.
considered as source node in the case of transmission and destination node
in the case of reception. It is assumed that there is no direct path between
the two terminals due to shadowing eects or path loss. The two terminals
depend on the relay nodes, which exploit an AF type protocol, to exchange
their information. So, the information needs two phases to reach its intended
terminal. In the rst phase, which is the broadcasting phase, each terminal
node broadcasts the information to the relay nodes. In the second phase,
which is the relaying phase (cooperation phase), the relay nodes process the
received noisy signals before broadcasting them to the two terminals.
As shown in Fig. 4.7, the relay nodes are located randomly between the two
terminals provided that they are all inside the coverage area of each terminal.
In this network, the signal collisions are allowed at relay nodes. Due to
the distributed nature of the nodes, the signals transmitted from the two
terminals and the relay nodes experience dierent time delays and multipath
to arrive at the relay nodes or the two terminals, respectively, as shown in
Fig. 4.8. In fact, the timing errors in a two-way network can be divided
into two types. The rst one occurs at each terminal where the signals from
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the four relays may arrive at each terminal node at dierent times which
is similar to that which happens in the one-way scenario. The second type
occurs at the four relays where the signals from the two terminals may arrive
at one relay node at dierent times. The channels between the two terminal
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Figure 4.8. Two-way wireless relay network together with relative
time delays for each path between the two terminals.
nodes Tm and relay nodes are assumed to be quasi-static frequency-selective
Rayleigh fading with L independent paths. Denote the channel impulse
response (CIR) from the terminal node T1 to the ith relay as fi and from
the terminal node T2 to the ith relay as gi, where i = 1; 2; 3; 4. Each path or
element of fi and gi is modelled as an independent complex Gaussian random
variable with zero-mean and unit-variance. Also, channel reciprocity [114]
is assumed so the channel is the same for both direction from the terminal
node Tm to the ith relay and vice versa.
4.3.2 Transmission process at terminals and relay nodes
The two terminals simultaneously broadcast sequentially two consecutive
OFDM symbols smj = Q
xmj , where Q
 is the normalized NxN IFFT ma-
trix and j represents the two OFDM symbol durations, i.e. j = 1; 2,
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taking into account that the two consecutive block information symbols
xmj = [x
m
1 (x
m
2 )
]T where the second symbol is complex conjugated and
xmj = [x
m
0;j ; x
m
1;j ; :::; x
m
N 1;j ]
T and N represents the OFDM symbol length.
Each OFDM symbol is preceded by a CP with length lcp1 before broadcast-
ing. Assume that lcp1 is not less than the maximum channel memory length,
L, and the maximum relative time spread delay. The transmitted informa-
tion signals from the two terminals will most likely arrive at the relay nodes
at dierent time instants due to factors such as dierent relay locations,
dierent oscillators in the terminals and relays and dierent signals propa-
gations. Therefore, there is normally a timing misalignment of i between
the two received signals from the two terminals at each relay node. Without
loss of generality, it is assumed that the relays Ri are perfectly synchronized
to terminal T1 and there is a i-sample misalignment with the other termi-
nal T2, where i = 1; 2; 3; 4, as shown in Fig. 4.8. Such a relative delay will
cause ISI between subcarriers. However, because lcp1 is not less than the
maximum channel memory length and relative delay times, each relay can
still overcome the eect of ISI as shown in Fig. 4.9(b).
The optimal power allocation in [67], which assumes that the relay nodes use
half of the total network power, is adopted in the proposed TWRN scenario
taking into account that the two terminal nodes consume half of the total
transmit power. The total power for all the relays is denoted as PR, so
PR = PT1 + PT2 =
P
2
(4.3.1)
where PT1 ; PT2 are the transmit powers of T1 and T2, respectively, and
P is the total network transmit power. Each relay has a power equal to
Pr = PR=R due to the symmetry where R is the total number of relays. It is
also presumed that the two terminals are symmetric, i.e. PT1 = PT2 = PT .
The received signals at relay i for two successive OFDM symbol durations j
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after CP removal can be written as
yij =
p
PTF
is1j +
p
PTDiG
is2j + v
i
j (4.3.2)
where Fi and Gi denote the NxN channel circulant matrices whose rst col-
umn is equal to f i and gi, respectively, and Di denotes the NxN cyclic shift
matrix at relay i (i.e. perform time delay at the relay nodes). The noise
vector vij corresponds to the zero-mean AWGN terms at relay node i with
elements having zero-mean and unit-variance, in two successive OFDM sym-
bol durations j. Due to the unit variance assumption of the system channels
and the additive noises, vij , in (4.3.2), the mean power of the signal y
i
j at a
relay node is
p
2PT + 1. So, to ensure that the average transmission power
at relay nodes is Pr, the relay scales the received signals by a factor
q
1
2PT+1
,
i.e. the scalar amplication factor at the relay nodes is  =
q
Pr
2PT+1
.
However, to obtain signals at each terminal receiver in the form of D-EO-
STBC, the relay nodes implement very simple operations on their received
noisy signals which are complex conjugation, reversed cyclic shift and minus
multiplication. In fact, only two relay nodes are designed to perform these
simple operations while the other two relays just perform pure AF type op-
eration. Therefore, the relay nodes use the following distributed encoding
matrix C for transmission process
C = 
264 y11 y21  P(y32)  P(y42)
y12 y
2
2 P(y
3
1)
 P(y41)
375 (4.3.3)
where P(:) denotes the NxN reversed cyclic shift matrix (i.e. perform time-
revision).
After that, each relay node appends each new symbol with a length-lcp2 CP
and broadcasts it to the two terminals. Assume that lcp2 is not less than the
maximum channel memory length between the four relay nodes and each
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Figure 4.9. (a) D-EO-STBC pair structure. (b) CP removal at relay i
with respect to terminal 1 synchronization. (c) CP removal at terminal
2 with respect to relay 1 synchronization (similarly the CP removal at
terminal 1 but with respect to relay 4 synchronization).
terminal node and the maximum relative delay from the relay nodes to T2,
i, or to T1, !i.
4.3.3 Information extraction process
As mentioned earlier, exact synchronization is dicult or impossible to
achieve at the two terminal receivers due to the distributed nature of the
relay nodes. So, there is normally a timing misalignment between the re-
ceived versions of these signals. Without loss of generality, it can be assumed
that T2 is perfectly synchronized to R1 and i-sample misalignment with the
other Ri, where i = 2; 3; 4, while T1 is perfectly synchronized to R4 and !i-
sample misalignment with the other Ri, where i = 1; 2; 3, as shown in Fig.
4.8. Such a relative delay will cause ISI between subcarriers. However, be-
cause lcp2 is not less than the maximum channel memory length and relative
delay times, i.e. i or !i, each terminal still can overcome the eect of ISI
as shown in Fig. 4.9(c). It is assumed that perfect CSI and all time delays
are available at the two terminals. For extracting the desired data, each
terminal Tm performs the following processes:
1. Removing the CP from its received signals as shown in Fig. 4.9(c).
2. Applying FFT transform (i.e. multiplying by Q where Q is dened as
the normalized NxN FFT matrix).
Section 4.3. Two-Way Asynchronous Cooperative Relay Networks 98
3. Subtracting its own signals (i.e. rmj = Qz
m
j   own terms).
So, the received signals at T2, z
2
j , after CP removal can be expressed as
z21= [G
1y11 +D2G
2y21  D3G3P(y32)  D4G4P(y42)] +w21 (4.3.4)
z22= [G
1y12 +D2G
2y22 +D3G
3P(y31)
 +D4G
4P(y41)
] +w22 (4.3.5)
where Di is the NxN cyclic shift matrix at T2 (i.e. perform time delay at
T2) and the noises vectors w
m
j are the AWGNs at Tm with zero-mean and
unit-variance elements.
Similarly, the received signals z1j at T1 after CP removal, taking into account
the dierent relaying paths and signal experiences, can be expressed as
z11= [D!1G
1y11 +D!2G
2y21  D!3G3P(y32)  G4P(y42)] +w11 (4.3.6)
z12= [D!1G
1y12 +D!2G
2y22 +D!3G
3P(y31)
 +G4P(y41)
] +w12 (4.3.7)
where D!i is the NxN cyclic shift matrix at T1 (i.e. perform time delay at
T1).
Then, the two received OFDM symbols, zmj = [z
m
0;j ; z
m
1;j ; :::; z
m
N 1;j ]
T , pass
through the FFT transform. To simplify calculations, the following identities
are taken into account QQ = QPQ = IN , Fi = QHFiQ, PFiP = F
H
i
and FHi = Q
HFiQ where Fi is dened as an NxN diagonal matrix whose
(k; k)-th entry is equal to the kth FFT coecient of the respective CIR, i.e.
fi. Similar results will be concluded when the same operations have been
performed for the following matrices Gi, Di , Di and D!i . As a result, the
received data at Tm, r
m
j , after removing its own transmitted data x
m
j can
be expressed as
rm1 = [(A
m
1 +A
m
2 ) x
m
1   (Am3 +Am4 ) x m2 ] + nm1 (4.3.8)
rm2 = [(A
m
3 +A
m
4 ) (x
m
1 )
+(Am1 +A
m
2 ) (x
m
2 )
] + nm2 (4.3.9)
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where  = 
p
PT and m 6= m where fm; mg 2 f1; 2g.
Thus, the two successively received samples, (rmj )k, k = 0; 1; :::; N   1, con-
jugated for convenience, can be expressed as follows
264 (rm1 )k
(rm2 )

k
375= 
264 (Am1 +Am2 )k;k  (Am3 +Am4 )k;k
(Am3 +A
m
4 )

k;k (A
m
1 +A
m
2 )

k;k
375
| {z }
Hmk
264 xmk;1
xmk;2
375+
264 (nm1 )k
(nm2 )

k
375
(4.3.10)
where Hmk are the equivalent channel coecients at each terminal. They
include all channel fading coecients and timing delays. Since TWRN has
two dierent relay paths, the equivalent channels elements of H1k and H
2
k
are dierent. In the following, all elements of the two equivalent channels
Hm are presented in addition to the related noise element vectors nmj .
For the H2 elements, A21 = G1F1 , A
2
2 = D2G2F2 , A
2
3 = D3G3
F3 , A
2
4 = D4G4

F4
and the related noise vectors n21 = Q( [G
1v11 +
D2G
2v21   D3G3P(v32)   D4G4P(v42)] + w21) and n22 = Q( [G1v12 +
D2G
2v22 +D3G
3P(v31)
 +D4G4P(v41)] +w22).
For the H1 elements, A11 = D!1F1D1G1 , A
1
2 = D!2F2D2G2 ,
A13 = D!3F3

D3
G3 , A
1
4 = F4

D4
G4 and the related noise vectors
n11 = Q( [D!1F
1v11 + D!2F
2v21   D!3F3P(v32)   F4P(v42)] + w11) and
n12 = Q( [D!1F
1v12 +D!2F
2v22 +D!3F
3P(v31)
 + F4P(v41)] +w12).
Also, it is noticeable that the equivalent channel coecients of the asyn-
chronous TWRN are dierent from those of the conventional asynchronous
one-way relay network because the TWRN is aected by timing errors which
never occur in a one-way network which are arriving of signals from the two
terminals at one node at dierent time instants during the broadcasting
phase as shown in Fig. 4.9(b).
Applying matched lter on each terminal Tm with the equivalent channel
matrices Hmk as in (4.3.10), the Gramian matrix G
m
k for each of the k sub-
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carriers can be obtained as follows
Gmk = (H
m
k )
HHmk =
264 mk 0
0 mk
375 (4.3.11)
where mk is the channel gain such that 
m
k = 
m
k + 
m
k with
mk =
4X
i=1
j(Ami )k;kj2
mk = 2Ref(Am1 )k;k(Am2 )k;kg+ 2Ref(Am3 )k;k(Am4 )k;kg
where mk is the diversity gain and 
m
k is an interference factor due to the
correlation between channel coecients.
The average value of the channel gain can therefore be expressed as
Efmk g = Efmk + mk g = 4 + Efmk g (4.3.12)
As shown in (4.3.11), the diagonal matrix Gmk proves the orthogonality for
the extended STBC that we construct at each terminal, therefore the data
can be extracted through using a simple fast ML decoder.
4.3.4 Feedback schemes for asynchronous two-way broadband
networks
To ensure that the system performance achieves at least full cooperative
diversity, the term mk at each terminal Tm should be always positive. So,
a simple feedback approach is proposed as in one-way scenario to achieve
diversity gain in addition to the maximum possible of array gain without
increasing the transmit power. It requires only two feedback links from each
terminal to send back two phase shift angle vectors #m1 and #
m
2 to two par-
ticular relay nodes each transmitting dierent information signals, R1 and
R3 in this case, where #
m
j = [(#
m
1 )1 (#
m
1 )2 ::: (#
m
1 )N ] and j = 1; 2. So, the
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transmitted signals from the rst and third relay nodes are rotated by the
appropriated phase angle vectors, i.e. um1 = e
#m1 and um2 = e
#m2 , respec-
tively, while the other two transmitted signals from the second and fourth
relay nodes are kept unchanged. Although the original implementation was
designed for a one-way network, this can be extended to a two-way net-
work by applying the closed-loop D-EO-STBC approach for each terminal
independently using the equivalent channel coecients of each terminal Hm.
This is because in TWRN there are two dierent relaying paths each has
dierent timing errors which result in dierent rotation angles. Specically,
the rotation angles for each subcarrier k, (#m1 )k and (#
m
2 )k, at each terminal
m;m = 1; 2 can be computed as
(#m1 )k =  \(Am1 )k;k(Am2 )k;k (4.3.13)
(#m2 )k =  \(Am3 )k;k(Am4 )k;k (4.3.14)
more specically,
(#21)k =  \(G1F1)k;k(D2G2F2)k;k
(#22)k =  \(D3G3F3)k;k(D4G4F4)k;k
(#11)k =  \(D!1F1D1G1)k;k(D!2F2D2G2)k;k
(#12)k =  \(D!3F3D3

G3)k;k(F4

D4
G4)

k;k
From the above equations, it is clear that (#21)k 6= (#11)k and (#22)k 6= (#12)k.
Therefore, the rotation weighted values at each subcarrier k are dierent, i.e.
(u21)k 6= (u11)k and (u22)k 6= (u12)k. So, to achieve full diversity gain together
with the maximum array gain at each terminal in the TWRN scenario,
this new scheme proposes to apply the feedbacks independently during the
cooperation phase which require two time slots to complete the two-way
transmission process. So, the proposed system is designed to work on a
three-time-slot basis as shown in Fig.4.10 where the rst time slot is specied
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Figure 4.10. Two-way wireless relay network with feedback links from
each terminal to certain two relay nodes.
for the broadcasting phase while the other two time slots are specied for the
cooperation phase as depicted in Table 4.3. At the rst time slot during the
relaying phase, the relay nodes apply only the feedbacks received from T2,
i.e. the transmitted signals from the rst and third relay nodes are rotated
by u21 = e
#21 and u22 = e
#22 , respectively. During this time, T1 switches to
o mode or does not receive these forward signals. In the second such time
slot, the relay nodes apply only the feedbacks received from T1, i.e. the
transmitted signals from the rst and third relay nodes are rotated by u11 =
e#
1
1 and u12 = e
#12 , respectively. During this time, T2 switches to o mode. In
so doing, it is ensured that the two terminals achieve maximum performance,
i.e. full cooperative diversity and array gain. The processes performed over
the four relay nodes during the relaying phase are summarized in Table 4.4.
Table 4.3. Time slots required for a two-way cooperative relay net-
work equipped with four relays where each time slot corresponds to two
symbol periods
Broadcasting Phase Relaying Phase
T1; T2 ! R1; R2; R3; R4 R1; R2; R3; R4 ! T2 R1; R2; R3; R4 ! T1
1 time slot 1 time slot 1 time slot
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Table 4.4. Block coding over the four relay nodes during the Relaying
phase for two-way broadband scenario
Relaying phase Relay Nodes
duration Symbol R1 R2 R3 R4
1 1 IFFT(u21  y11) y21  IFFT(u22  y32)  (y42)
time slot 2 IFFT(u21  y12) y22 IFFT(u22  y31) (y41)
1 1 IFFT(u11  y11) y21  IFFT(u12  y32)  (y42)
time slot 2 IFFT(u11  y12) y22 IFFT(u12  y31) (y41)
Therefore, the received signals rmj at each terminal Tm are given by
rmj =  h
m
j Umcmj + nmj (4.3.15)
with
hm1 = [ A
m
1 A
m
2  Am3  Am4 ]
hm2 = [ A
m
3 A
m
4 A
m
1 A
m
2 ]
c m1 = [ x
m
1 x
m
1 x
m
2 x
m
2 ]
T
c m2 = [ (x
m
1 )
 (x m1 )
 (x m2 )
 (x m2 )
]T
Um =
266666664
Um1
IN
Um2
IN
377777775
The weighted array Um is a diagonal array of diagonal matrices Um1 ; IN ;Um2
and IN where U
m
j = diag(u
m
j ) and IN is the identity matrix of size N N .
As shown, the diagonal weighted array Um is applied on relay nodes to align
two transmitted signals which result in achieving array gain. The equivalent
channel at each terminal Tm, _H
m
k , is therefore given by
_Hmk =
264 (um1 )k(Am1 )k;k + (Am2 )k;k  (um2 )k(Am3 )k;k   (Am4 )k;k
(um2 )

k(A
m
3 )

k;k + (A
m
4 )

k;k (u
m
1 )

k(A
m
1 )

k;k + (A
m
2 )

k;k
375 (4.3.16)
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where (um1 )k = e
j(#m1 )k and (um2 )k = e
j(#m2 )k .
Consequently, mk =
P4
i=1 j(um1 )kj2j (Ami )k;kj2 and mk = 2 Ref(um1 )k
(Am1 )k;k(A
m
2 )

k;kg + 2Ref(um2 )k(Am3 )k;k(Am4 )k;kg taking into account that
j(um1 )kj2 = j(um2 )kj2 = 1. This process ensures that the values of mk are
always non-negative which means that the system can obtain additional
performance gain (i.e. array gain). The advantage of the exact phase feed-
back scheme can be retained by applying independently in two time slots
the two quantization strategies as in one-way broadband scenario that can
signicantly reduce the feedback overhead thereby yielding a more practical
scheme.
On the other hand, to obtain end-to-end unity code rate, the system can
be designed to employ a two-time slot framework based on exploiting the
feedback information of only one terminal, i.e. two feedback links from only
one terminal are required. By this way, the system can achieve end-to-end
full rate with full cooperative diversity at the exploited terminal while the
end-to-end BER performance of the other terminal will be better than the
open-loop scheme but the diversity order is not full.
Similarly, a closed-loop D-EO-STBC scheme for asynchronous two-way
three relay broadband system can be designed where the two terminals apply
the same implementations as mentioned in the case of using four relay nodes
while the three relay nodes have the option to select any three columns from
the four given below in the Relay Nodes section in Table 4.4 to process
their received signals. By doing so, the design of the closed-loop system for
three relay nodes equipped only with one feedback link from each terminal
and that is adequate to achieve end-to-end transmission rate of 2/3 and full
cooperative diversity with array gain at each terminal.
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4.4 Simulation Results
The performances of the proposed schemes have been studied via numerical
simulation and a comparison with previous schemes is provided. For the
consistency within the thesis, end-to-end BER is used as the performance
measure instead of end-to-end frame error rate (FER). In the simulation,
the source transmits quadrature phase-shift keying (QPSK) symbols with
power allocation following equation (4.2.2). The transmit power is xed and
identical for all schemes used in the comparisons. All CSIs are assumed to be
perfectly known at the destination. The length of N-point OFDM is 64 and
the length of CP is 16. The delay is chosen randomly from the range 0 to 15
with uniform distribution for the narrowband scenario, where the Rayleigh
fading channels are assumed to be at, while the delay is chosen randomly
from 0 to 6 with uniform distribution for the broadband scenario, where the
Rayleigh fading channels are assumed to be 11 tap frequency-selective chan-
nels. The length of the frequency-selective channels is chosen here to be the
same as the previous works used in the simulation for fairness comparison.
4.4.1 Simulation results for one-way narrowband system scenario
In Fig. 4.11, the end-to-end BER performance of the proposed closed-loop
D-EO-STBC for four relay nodes is shown. Also, the equivalent BER per-
formances of the previous AF Alamouti-OFDM scheme [81] and DF OFDM
scheme [75] are depicted on the same gure. The DF OFDM scheme ei-
ther applies Alamouti-OFDM transmission over the two relays if they can
successfully decode the information symbols or applies single-input single-
output(SISO) OFDM scheme over one relay if only one relay can successfully
decode the information symbols, otherwise the information symbols are not
forwarded to the destination and the decoding process completely fails.
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Figure 4.11. Comparison of end-to-end BER performance of the pro-
posed AF asynchronous scheme for a four relay network using exact
feedback channel information with previous asynchronous schemes in a
wireless relay narrowband system.
The results are depicted in Fig. 4.11 and conrm that the robust pro-
posed scheme signicantly improves the BER performance over the previous
schemes. For example, at a BER of 10 4, the proposed scheme requires
Ps  20 dB while the AF Alamouti-OFDM and DF OFDM schemes re-
quire 30 dB and 48 dB (o plot), respectively. Also, it is clear that if one
of the feedback channels, or all of them, are lost or one of the relay nodes
fails completely, the proposed scheme improves the BER performance over
the previously mentioned two schemes for the whole source transmit power
range; thereby ensuring a more robust transmission scheme.
The gure also provides a comparison of the proposed scheme with the
closed-loop distributed quasi-orthogonal STBC (D-QO-STBC) scheme [82]
for four relays, where it is clearly noticed that the proposed scheme out-
performs the closed-loop D-QO-STBC scheme. In particular, at a BER of
10 4, the proposed scheme provides approximately 2 dB improvement. This
improvement is because in the proposed scheme the limited feedback is used
to leverage the channel gain to the maximum so there is full cooperative
diversity gain of order four and array gain while in D-QO-STBC scheme it
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was used to achieve the orthogonality of the transmission code so there is
only full cooperative diversity. In addition to that, the proposed scheme
requires only half that required in the D-QO-STBC scheme to decode the
transmitted data. As such, it is more robust to changes in the wireless
channel and also more suitable and appropriate for real-time communica-
tion applications. Moreover, the proposed scheme with only one feedback
link provides better performance than the D-QO-STBC scheme at a lower
transmit power range up to approximately 17 dB where the improvement is
switched to the D-QO-STBC scheme.
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Figure 4.12. Comparison of end-to-end BER performance of the pro-
posed AF asynchronous scheme using quantized channel information in
a narrowband network.
The performances of the proposed scheme with the 2-bit FB/SCPQ, 1-bit
FB/SCPQ, and the low-rate SCQLPI-CDC feedback schemes are depicted
in Fig. 4.12. Very little degradation in BER performance in the case of
using the low-rate SCQLPI-CDC scheme is shown as compared with the
performance of the scheme when the un-quantized feedback is used, while
a slight decrease in the performance is observed in the case of using the
2-bit FB/SCPQ and 1-bit FB/SCPQ schemes. Furthermore, it is seen that
the performance of the new low-rate SCQLPI-CDC feedback scheme out-
performs the 64-bits and 128-bits feedback schemes. For example, at a
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BER of 10 4, the low-rate feedback scheme requires 20.15 dB while the 64-
bits/feedback link and 128-bits/feedback link schemes require 20.25 dB and
21 dB, respectively, although the new scheme only used a 12-bits/feedback
link. So, the new low-rate SCQLPI-CDC scheme achieves both better BER
performance and a substantial reduction in the feedback overhead, i.e. a
saving of 90.6% as compared with 2-bit FB/SCPQ scheme. Moreover, the
schemes with quantized feedback still provide signicantly better perfor-
mance than that of the previous schemes.
4.4.2 Simulation results for one-way broadband system scenario
In this section, the end-to-end BER performance of the proposed asyn-
chronous D-EO-STBC scheme over frequency-selective Rayleigh fading chan-
nels for four relay nodes is presented. The results depicted in Fig. 4.13 con-
rm that the proposed robust scheme signicantly improves the end-to-end
BER performance over the previous scheme [21] proposed for two relays. For
example, at a BER of 10 4, the proposed scheme requires Ps  20 dB while
the previous two-relay scheme requires 30 dB. Furthermore, the proposed
scheme outperforms the previous scheme even when the system lost one or
both feedback links or one of the relays falls completely which means the
proposed scheme adds more robustness for the transmission link. This im-
provement is because by using the feedback the proposed scheme can achieve
full cooperative diversity gain of order four and array gain while the previous
scheme [21] just achieves full cooperative diversity of order two.
The gure also provides a comparison of the proposed asynchronous scheme
over frequency-selective fading channels with the proposed D-EO-STBC
scheme over at fading channels for four relays, where it is clearly noted
that both schemes have almost the same BER performance which veries
that the the proposed asynchronous scheme can completely overcome the
eects of timing errors and multipath fading for the test environment.
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Figure 4.13. Comparison of end-to-end BER performance of the pro-
posed AF asynchronous scheme over frequency-selective 11 tap channels
using exact feedback channel information with previous asynchronous
schemes in wireless relay broadband system.
The performances of the proposed scheme with direct (2-bits and 1-bit
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Figure 4.14. Comparison of end-to-end BER performance of the pro-
posed AF asynchronous scheme over frequency-selective 11 tap channels
using quantized channel information.
for each subcarrier phase) and group quantization schemes are depicted in
Fig. 4.14. It is observed that for the 2-bits/subcarrier phase, there is very
little degradation in BER performance as compared with the performance of
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the scheme when the un-quantized feedback is used, while a slight decrease
in the performance is observed in the case of using 1-bit/subcarrier phase.
For example, at 10 4, the scheme with un-quantized feedback provides ap-
proximately 0.25 dB improvement over 2-bits/subcarrier phase scheme and
1 dB over the 1-bit/subcarrier phase scheme. In fact, the dierence between
the un-quantized and the direct quantization schemes is in the array gain
because the un-quantized scheme achieves the largest array gain while the
higher quantization level in the direct quantization scheme provides higher
array gain. Therefore, the direct quantization strategy ensures that full di-
versity is achieved with a more practical feedback scheme. On the other
hand, the group feedback strategy improves the system BER performance
as compared with the system with no feedback. In particular, at a BER
of 10 4, a xed group feedback scheme with total feedback overhead of 16
bits/feedback link (2-bits/group) provides approximately 1.25 dB improve-
ment as compared with the system without using feedback. In fact, the
xed group feedback scheme can achieve better performance when the chan-
nel length decreases. For example, the power required to achieve the BER
of 10 4 with 11 tap channels is 26 dB while 24.5 dB is required when the
channel length decreases to 3 taps; therefore saving 2.5 dB. On the other
hand, the adaptive group scheme outperforms the system with xed group
feedback but at the expense of increasing the feedback overhead. In fact,
the adaptive group feedback scheme provides substantially better perfor-
mance when the quantization level increases. For example, for the adaptive
group scheme with 2 bits/group, the system behaves close to the system
performance with the 2-bits/subcarrier phase and better than the system
performance with 1-bit/subcarrier phase with less requirement of feedback
overhead than both of them. Finally, the schemes with quantized feedback
provide signicantly better performance than the system without feedback
and the previous two-relays scheme [21].
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4.4.3 Simulation results for two-way broadband system scenario
In this section, some simulation results for the asynchronous two-way D-EO-
STBC proposed scheme are shown and a comparison with previous asyn-
chronous schemes is provided. The two terminals transmit symbols with
uncoded OFDM using a 64 point FFT. The data symbols are drawn from
QPSK. The transmit power follows equation (4.3.1) and the CP lengths lcp1
and lcp2 are 16. The delay is chosen randomly from 0 to 8 with uniform
distribution. Due to the symmetry, only the end-to-end BER performance
of T1 to T2 is shown. However, the end-to-end BER performance of T2 to
T1 is the same.
In Fig. 4.15, the end-to-end BER performance of the proposed scheme is
compared with the previous asynchronous D-OSTBC scheme developed for
four relay nodes in [90] over frequency-selective 2 tap channels. For fair
comparison, the total average terminal and relays transmit power of the two
schemes are the same. In fact, the two schemes need the same number of
time slots to transmit the data symbols to the two terminals so they achieve
the same data rate. The simulation results in Fig. 4.15 conrm that the
proposed scheme signicantly improves the BER performance over the pre-
vious scheme. For example, at BER of 10 4, the proposed scheme provides
approximately 0.7 dB improvement which means the proposed scheme adds
more robustness for the transmission link. This improvement is because in
the proposed scheme the feedback channels are used to leverage the channel
gain to the maximum so there is full cooperative diversity gain of order four
and array gain while in the previous scheme there is only full cooperative
diversity. The gure also presents the BER performance for the proposed
asynchronous two-way scheme for three relay nodes. This scheme is designed
to utilize only one feedback link. It is clear that this scheme provides bet-
ter BER performance than the two-way system with four relays but without
feedback. For example, at BER of 10 4, the proposed scheme for three relays
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Figure 4.15. Comparison of end-to-end BER performance of the pro-
posed D-EO-STBC scheme with the previous D-OSTBC scheme in
TWRNs over frequency-selective two tap channels.
provides an improvement of approximately 7 dB over the four relay system
without feedback.
In Fig. 4.16, the end-to-end BER performance of the proposed asyn-
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Figure 4.16. Comparison of end-to-end BER performance of the pro-
posed two-way D-EO-STBC scheme with the proposed one-way scheme
over frequency-selective 8 tap channels.
chronous two-way scheme is compared with the proposed asynchronous one-
way scheme over frequency-selective 8 tap channels. The simulation of the
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proposed one-way scheme was undertaken twice. At the beginning, the trans-
mit power of the source node in the one-way system is set to equal to the
transmit power for each terminal in the two-way system, i.e. Ps = PT , and
then repeated when the total transmit power for the one-way system is set
to equal to the total power for the two-way system, i.e. Ps = 2PT . As
shown in Fig. 4.16, the proposed two-way scheme BER performance is al-
most the same as the proposed one-way scheme when Ps = PT while the
proposed one-way scheme BER performance outperforms the proposed two-
way scheme when Ps = 2PT . For example, at BER of 10
 4, the proposed
two-way scheme and the proposed one-way scheme require the same transmit
power of 20 dB when Ps = PT while the proposed one-way scheme provides
an improvement of 3 dB when Ps = 2PT . From Fig. 4.16, it is clear that
the slope of the BER curve of the proposed two-way scheme approaches the
slope of the proposed one-way scheme when PT increases. It implies that
the proposed two-way system can achieve diversity order four when PT is
large. On the other hand, the proposed two-way scheme can achieve maxi-
mum end-to-end 2/3 data rate while the maximum end-to-end data rate that
the proposed one-way scheme can achieve is half rate. In fact, the proposed
two-way scheme can achieve maximum full data rate (i.e. unity rate) when a
two-time slots basis is used, where two particular relay nodes apply only the
feedback of terminal 1 or the feedback of terminal 2 before the relay nodes
broadcast their signals to the two terminals at the same time. In this case,
the BER performance at the two terminals will be dierent where the BER
performance at the terminal where its feedback is exploited will be the same
as in the case of using three-time slots framework which is better than the
performance of the other terminal but the other terminal performance will
be better than the performance of the open-loop scheme as depicted in Fig.
4.16.
The performance of the proposed two-way scheme if one of the relay nodes
Section 4.5. Summary 114
fails completely or one of the feedback links is lost is also depicted in Fig.
4.16. It is clear that the scheme still extracts data; therefore ensuring a more
robust transmission scheme. Furthermore, it improves the BER performance
over that without feedback channels. For example, at BER of 10 4, the pro-
posed two-way scheme with one feedback link and with one relay o requires
approximately 23 dB and 24 dB, respectively, while the two-way scheme
without feedback requires 30 dB.
4.5 Summary
This work proposed distributed one-way and two-way systems for asyn-
chronous cooperative networks that utilize distributed extended orthogonal
space-time type block coding with partial low-rate feedback channels. The
feedback schemes were based on phase rotation to certain relay nodes. The
proposed schemes can achieve full cooperative diversity and array gain which
results in improving the robustness of the wireless link between the transmit-
ter and receiver sides in the presence of multipath fading and timing oset.
In particular, the proposed scheme for two-way system requires an additional
time-slot during the cooperation phase to extract full cooperative diversity
and array gain at each terminal node. However, the proposed scheme for
two-way scenario provided better end-to-end data rate, i.e. equal to 2/3, as
compared to the one-way scenario, i.e. equal to 1/2. To minimize the feed-
back overhead, low-complexity based quantization feedback schemes which
make these schemes more practical were suggested. Simulation results were
used to show the performance improvements resulting from the proposed
schemes. These result were very encouraging since there was no requirement
to increase the transmit power or system bandwidth, and the information
symbols can be decoded separately in a very simple manner.
On the other hand, the channel gains between the source and destina-
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tion nodes are dierent from one link to another due to the random nature
of the wireless environment which induces dierent attenuations into the
signals received at the destination, thereby reducing the overall system per-
formance. In fact, it is possible to exploit this variation in channels gain to
add extra improvements to the system by using selection techniques. In the
next chapter, relay selection techniques are exploited to enhance the system
performance which can restrict the transmission process over only the best
channel links.
Chapter 5
RELAY SELECTION IN
COOPERATIVE RELAY
NETWORKS BASED ON
DISTRIBUTED SPACE-TIME
BLOCK CODING
In this chapter, a two-hop relay network equipped with four half-duplex sin-
gle antenna relay nodes is considered. More specically, it is assumed that
the relay nodes are able to operate with three power levels to exploit the
available power eectively. In such a setting, a robust orthogonal space-time
block coded (O-STBC) relay selection scheme is introduced. In particular,
two dierent methods for use in the selection process have been proposed. In
the rst method, the four relays are grouped into two subsets of two relays,
each having identical encoding process in terms of the construction of a dis-
tributed extended O-STBC (D-EO-STBC). The best two relays are selected
based on the overall path gain and then Alamouti coding in a distributed
manner is applied over the selected two relays. In the second method, the
selection process deals with the four relays as one group and selects the best
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three relay links based on the overall path gain. The selected three relays
then construct the D-EO-STBC code form at the destination node. At the
end of this chapter, the system performance for these two methods will be
studied in terms of pairwise error probability (PEP) and end-to-end bit error
rate (BER).
5.1 Introduction
Cooperative diversity approaches have been shown to provide substantial en-
hancement of the system data rate or reliability with extending coverage and
avoiding shadow fading [8] and [49]. In fact, these approaches can achieve
the same diversity benets as in multi-input multi-output (MIMO) systems
without needing multiple antennas at individual nodes by using distributed
antennas [53] and [96]. In MIMO systems, the system hardware complexity
and consequently the cost are challenges to practical application [120]. So,
MIMO systems use transmit antenna selection (TAS) schemes to eciently
solve this problem and achieve high system performance [120] and [121]. Fur-
thermore, TAS schemes combined with space-time coding (STC) have been
proposed as in [122] and [123]. In particular, the authors in [122] proposed
a scheme to combine TAS with space-time block coding (STBC), in which
N   1 out of all N transmit antennas are selected to transmit data using an
extended orthogonal STBC.
However, in cooperative wireless relay systems, the cooperative relay nodes
have dierent locations so each transmitted signal from the source node to
the destination node must pass through dierent paths causing dierent at-
tenuations within the signals received at the destination which results in
reducing the overall system performance. So, to minimize this eect and
benet from cooperative communication, certain paths should be avoided
by using selection techniques. In fact, the selection techniques oer the
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possibility to improve the system performance whilst reducing the system
computational complexity. Recently, relay selection techniques for cooper-
ative systems have been studied [91], [92], [93], [94], [95] and [97]. Most of
the previous studies are based on selecting one relay to cooperate with the
direct path between the source and the destination nodes.
In this work, two new robust relay selection methods for cooperative relay
systems are proposed. The considered system is assumed to consist of four
single antenna relay nodes and the relays are able to operate with three
power levels. Also, the considered system is assumed to use an amplify-and-
forward (AF) type relaying protocol and there is no direct path between the
source and the destination. The optimum power allocation in [67] is adopted
in the proposed methods as next described. The two methods use grouping
criteria where the rst method divides the relay nodes into two groups based
on the relay encoding process while the second method considers the relay
nodes as one group. The selected two relays based on the rst method ap-
ply the distributed Alamouti (D-Alamouti) code [23], [52] while the selected
three relays based on the second method apply the D-EO-STBC technique
proposed in [118]. The proposed grouping criteria are designed to maximize
the instantaneous received signal-to-noise ratio (SNR) for each transmitted
symbol, and correspondingly to minimize the probability of bit error. It is
shown by simulation that system gain benets can be retained as if all the
relay nodes were in use.
5.2 System Model and Problem Statement
Consider a wireless relay system with one source node, one destination node
and four half-duplex single antenna relay nodes as shown in Fig. 5.1. All
nodes are equipped with a single antenna. All channels are assumed to be
quasi-static at Rayleigh fading channels. The channel impulse responses
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Figure 5.1. Wireless relay network with single source and destination
together with four half-duplex relay nodes.
(CIRs) for S!Ri and Ri!D links are given by hSRi and hRiD. The CIRs
are independent identically distributed (i.i.d.) zero mean circular Gaussian
random variables with unit variances. All relays and destination node noises
are modeled as i.i.d. additive white Gaussian noise (AWGN) with unity
variance, i.e. CN (0; 1).
For each transmission, Ps is the power used at the source, Pr is the power
used at each relay and P is the total average power such that Ps = RPr =
P
2
as in [67] where R is the number of relays. The STBC signals are generated
over the relay nodes. The channel state information (CSI) is assumed to be
perfectly known at the destination receiver through training. The receiver
informs the relay nodes according to the latest CSI through a feedback chan-
nel with low complexity.
However, since the cooperative four relay nodes have dierent locations each
transmitted signal from the source node to the destination node follows dif-
ferent paths which induce dierent attenuations into the signals received at
the destination, thereby reducing the overall system performance. So, to
tackle this challenging problem and benet from cooperative communica-
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tion, cooperation based on a relay selection technique is proposed. By using
this eective scheme, certain paths which induce much attenuation are com-
pletely avoided. In fact, minimizing the number of paths, and consequently
the number of relays, will minimize the computational complexity and conse-
quently the cost which makes this scheme much more practically attractive.
Moreover, cooperation based on a selection technique will save bandwidth
and reduce the interference to other users as a result of reducing the number
of operational relays.
5.3 Conventional D-EO-STBC Scheme for Wireless Relay Sys-
tems
The conventional D-EO-STBC scheme uses the available four relay nodes
without employing feedback or relay selection techniques as follows. The
source node broadcasts the information bits which are encoded into two
symbols s = [s1 s2]
T over two time intervals, j = 1; 2, where (:)T denotes
vector transpose. The received information signals at relay i and time inter-
val j, yij , can be written as
yij =
p
PshSRisj + vij where i = 1; :::; 4 (5.3.1)
where vij is the ith relay AWGN for the time instant j.
The relay nodes then process the received information signals, yij , according
Table 5.1. Coding process over the relay nodes for the conventional
D-EO-STBC scheme during the relaying phase.
Relay Nodes
Symbol duration R1 R2 R3 R4
Symbol 1 y11 y21  y32  y42
Symbol 2 y12 y22 y

31 y

41
to Table 5.1 to generate distributively the following D-EO-STBC codeword
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at the destination receiver
S =
264 s1 s1  s2  s2
s2 s2 s

1 s

1
375 (5.3.2)
where (:) denotes the complex conjugation process.
At the destination node, the received signals over two time intervals, denoted
by r1 and r2 respectively, can be written as
264 r1
r2
375 =r PsPr
Ps + 1
264 s1 s1  s2  s2
s2 s2 s

1 s

1
375
| {z }
S
266666664
h1
h2
h3
h4
377777775
+
264 n1
n2
375 (5.3.3)
where h(i=1;2) = hSRihRiD and h(i=3;4) = h

SRi
hRiD. The noise components
n1=
q
Pr
Ps+1
(
P2
i=1hRiDvi1 
P4
i=3 hRiDv

i2)+w1 and n2=
q
Pr
Ps+1
(
P2
i=1hRiDvi2+P4
i=3 hRiDv

i1) +w2 where w1 and w2 are the receiver AWGN over two time
instants, respectively. Equivalently, the received signals r1 and r

2 can be
expressed as
264 r1
r2
375 = r PsPr
Ps + 1
264 h1 + h2  (h3 + h4)
(h3 + h4)
 (h1 + h2)
375
| {z }
H
264 s1
s2
375+
264 n1
n2
375 (5.3.4)
Therefore,
r =
r
PsPr
Ps + 1
Hs+ n (5.3.5)
where H denotes the equivalent channel matrix. The maximum likelihood
decision variables for symbols s1 and s2 are then computed as264 ~s1
~s2
375 = HHH
264 s1
s2
375+HH
264 n1
n2
375 (5.3.6)
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where (:)H denotes Hermitian transpose.
The eective noise power calculated from the noise terms is equal to Efjn1j2g=
mathrmEfjn2j2g = Ef PrPs+1
P4
i=1 jhRiDj2+1g = 4PrPs+1+1. To aid in the later
analysis, the signals within r are normalized so that their noise variance is
unity.
r =
s
2s
2n
Hs+ n (5.3.7)
where 
2
s
2n
= PsPrPs+4Pr+1 .
From (7.5.17), the Gramian matrix G which represents the term HHH is
equal to
G = HHH =
264  0
0 
375 (5.3.8)
where  is the channel gain such that
 = +  =
4X
i=1
jhij2 + 1 + 2 (5.3.9)
where  = 1 + 2 which is composed of the interference factors due to
channels correlation, 1 = h

1h2 + h

2h1 = 2Refh2h1g and 2 = h3h4 +
h4h

3 = 2Refh3h4g. Therefore,  might take positive or negative values.
The operator j:j2 denotes the modulus squared of a complex number and
Ref:g its real part. The SNR for the system can be found as
SNR = 
2s
2n
= (
4X
i=1
jhij2 + 1 + 2)
2
s
2n
(5.3.10)
Clearly, the channel realizations (h1; h2; h3; h4) for the system paths aect
the SNR gain of the system. So, selecting the best relay paths from source to
destination in such a way that also exploits the cooperative diversity oered
by D-STBC will result in improving the SNR gain and consequently the
system performance. In the following, two eective methods based on relay
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selection techniques combined with simple three level power adaptation are
proposed.
5.4 Relay Selection Technique for Wireless Relay Networks
Each relay has three power levels: zero, normal power value according to
the optimal power allocation proposed in [67] and maximum power which is
double the normal power. In the proposed schemes, the total system power,
which is calculated based on normal power, should be constant. So, to switch
one relay to use its maximum power means the status of one dierent relay
is switched o. Two relay selection techniques are proposed to determine
the best relays which can use their maximum power as follows:-
5.4.1 Two-groups method
In this method, the system relay nodes are divided into two groups each
group consists of two relay nodes and each having the same encoding process
in terms of the construction of D-EO-STBC (in this analysis, it is assumed
that R1 and R2 are in one group while R3 and R4 are in the other group) as
shown in Fig. 5.2. According to the CSI, the destination receiver can deter-
mine the best link which has the maximum path gain for each group so the
system can use it for the transmitted data. After that, the receiver informs
the relays to stop sending from the two worst relays that have the smallest
path gains and switches the power of the best relays to the maximum (in
other words, transferring the power of the worst relays to the best relays) to
exploit eciently the available power. Therefore, the wireless relay system
will work with only two relay nodes and each of them performs the appro-
priate encoding process according to Table 5.1 taking into account that the
transmit power of each of them has changed to the maximum power. As a
result, a D-Alamouti code will be generated at the destination node. For ex-
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Figure 5.2. Wireless relay system with feedback links to select the
suitable relays based on the two-groups method where the solid lines
mean the selected paths.
ample, suppose the paths passing through relay 1 and 3 have the maximum
path gains, i.e. jh1j2  jh2j2 in group 1 and jh3j2  jh4j2 in group 2. There-
fore, the system stops transmitting from R2 and R4 while the relay nodes
R1 and R3 are working with their maximum powers. The operational relays
perform the encoding process as in Table 5.2 which is a modied version of
Table 5.1 to generate the D-Alamouti code at the destination. The double
Table 5.2. D-Alamouti encoding process over the operational two
relays.
Working Relay Nodes
Symbol duration R1 R2 R3 R4
Symbol 1
p
2y11 0  
p
2y32 0
Symbol 2
p
2y12 0
p
2y31 0
power of the transmitted signals from R1 and R3 is equivalent to double
path gain of the channels. Hence, the equivalent channel will be
H =
264 p2h1 p2h3p
2h3  
p
2h1
375 (5.4.1)
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Applying the matched ltering at the destination receiver with the equivalent
channel matrix in (5.4.1), the channel gain (2) can be obtained as
(2) = (2) + (2) = j
p
2h1j2 + j
p
2h3j2 + 1 + 2
where (2) denotes the channel gain for the system working with two selected
relays, i.e. channel gain for the two-groups method.
Since there is no correlation between the channels, i.e. 1 = 0 and 2 = 0, so
(2) = 0 as compared with the conventional D-EO-STBC scheme. Therefore,
(2) = 2jh1j2 + 2jh3j2, and consequently,
SNR = (2)
2S
2N
= 2(jh1j2 + jh3j2) 
2
S
2N
(5.4.2)
Furthermore, the scheme does not need feedback for aligning the forward
signals because the system uses only two relays out of four and the selected
two relays have dierent encoding processes as shown in Table 5.2. On the
other hand, since the double squared values of the two maximum path gains
give a bigger value than the summation of the squared gain of the four path
gains with the interference factor  as in the conventional case, the system
therefore yields better performance than that achieved by the conventional
D-EO-STBC scheme as in (5.3.9), i.e. (2)  .
However, this relay selection method can be generalized to select the best
two out of R relays and the D-Alamouti code can be applied over the selected
two relays or R 2 relays can be selected that include the best relay for each
group and the D-EO-STBC scheme can be applied over the selected relays.
In fact, when the number of relays increases, it is more likely to provide
better performance but at the expense of computational complexity.
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5.4.2 One-group method
In this method, all relay nodes are considered as one group to select the
best relay among them and remove the worst one as depicted in Fig. 5.3.
According to the CSI, the destination receiver can determine the link which
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Figure 5.3. Wireless relay system with feedback links to select the
suitable relays based on the one-group method with phase feedback
u for signal alignments where the three solid lines mean the selected
paths.
has the maximum path gain and the link which has the minimum path gain.
After that, it informs the relays to stop sending from the worst relay and
to switch the power of the best relay to the maximum. Hence, only three
relays are working according to this method. Then, the three relays perform
an appropriate encoding process according to Table 5.1 to generate a D-EO-
STBC form at the destination node. Also, it is required to align the two
signals that have the same relay encoding in terms of the construction of
D-EO-STBC through using a feedback channel and multiplying one of them
by the weighted feedback value, u. As a result, the system can achieve array
gain which is not available in the two-groups method. This will leverage the
system performance to the maximum. For example, suppose the best path
passes through relay 1 and the worst path passes through relay 4. There-
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fore, R1 will work with its maximum power while R4 will stop transmitting
information signals. Then, the three working relays perform the encoding
process as in Table 5.3 which is a modied version of Table 5.1 to implement
the closed-loop D-EO-STBC scheme.
On the other hand, the best link and the worst link might have the same
Table 5.3. D-EO-STBC encoding process over the three working re-
lays.
Relay Nodes
Symbol duration R1 R2 R3 R4
Symbol 1
p
2y11 u y21  y32 0
Symbol 2
p
2y12 u y22 y

31 0
relay encoding process or not which leads to two dierent scenarios. In the
following, each scenario will be explained individually in addition to a special
scenario which combines between scenario 2 and a certain condition related
to the second best link of the system.
Scenario 1
In this scenario, the best and the worst links have the same encoding process
as in Table 5.1. According to the considered assumption in this work, R1
and R2 perform similar encoding process while R3 and R4 perform similar
encoding process which is dierent from that of R1 and R2 as shown in Table
5.1. To clarify scenario 1, assume the best path passes through relay 1 and
the worst path passes through relay 2. By using the appropriate encoding
process over the three working relays, R1, R3 and R4, the equivalent channel
matrix can be written as
H =
264 p2h1 uh3 + h4
uh3 + h4  
p
2h1
375 (5.4.3)
where u is the feedback weighted value.
After applying the matched ltering at the destination receiver with the
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equivalent channel matrix in (5.4.3), the channel gain can be obtained such
that
1(3) = 
1
(3) + 
1
(3) = j
p
2h1j2 + juj2jh3j2 + jh4j2 + 1 + 2
where 1(3) is the channel gain for the system working with three selected
relays, i.e. the channel gain for the one-group method, and using scenario
1, juj2 = 1 and 1 = 0 while 2 = uh3h4 + uh3h4 = 2Refuh3h4g. There-
fore, 1(3) = 2 and 
1
(3) here represents the array gain for this scenario.
Consequently,
SNR = 1(3)
2x
2n
= (2jh1j2 + jh3j2 + jh4j2 + 1(3))
2x
2n
(5.4.4)
Scenario 2
In this scenario, the best and the worst links have dierent relay encoding
processes. Suppose the best path passes through relay 1 and the worst path
passes through relay 4. By using the appropriate encoding process over the
three working relays, R1, R2 and R3, the equivalent channel matrix can be
written as
H =
264 p2h1 + uh2 h3
h3  
p
2h1   uh2
375 (5.4.5)
After applying the matched ltering at the destination receiver with the
equivalent channel matrix in (7.3.4), the channel gain can be obtained as
2(3) = 
2
(3) + 
2
(3) = j
p
2h1j2 + juj2jh2j2 + jh3j2 + 1 + 2
where 1 =
p
2h1uh2 + uh2
p
2h1 = 2Ref
p
2h1u
h2g while 2 = 0 so 2(3) =
1 which is the array gain of this scenario. Consequently, the SNR is
SNR = 2(3)
2S
2N
= (2jh1j2 + jh2j2 + jh3j2 + 2(3))
2S
2N
(5.4.6)
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The system performance of this scenario is better that that of scenario 1
due to the improvement in array gain. The array gain in scenario 1 is
equal to 1(3) = 2Refuh3h4g while the array gain in scenario 2 is equal to
2(3) = 2
p
2Refh1uh2g. As observed, the array gain of scenario 2 includes
the best path gain, jh1j2, while that was not available in scenario 1; so by
performing a comparison between the two scenarios it is clear that the array
gain of scenario 2 is the largest, i.e. 2(3) > 
1
(3).
Scenario 3
In this scenario, the system is designed to permanently adopt the scenario
2 combination where the best link and the worst link use dierent relay
encoding in addition to selecting the second best link to perform the same
relay encoding as the best link. For example, assume jh1j2 is the best path
gain and jh2j2 is the second best path gain. Hence, the channel gain of this
scenario can be expressed as
3(3) = 
3
(3) + 
3
(3) = j
p
2h1j2 + juj2jh2j2 + jh3j2 + 1 + 2
where 1 = 2Ref
p
2h1u
h2g while 2 = 0 so the array gain of this scenario
will be 2(3) = 2
p
2Refh1uh2g. The dierence between the array gain of this
scenario and that of scenario 2 is that the channel h2 in this scenario always
represents the second best link while in the case of scenario 2 this not always
holds, which results in making the overall array gain of scenario 3 better that
that of scenario 2, i.e. 3(3)  2(3). Therefore, the system with scenario 3
will give the best performance as compared to scenario 1 and scenario 2.
However, it requires increased feedback overhead, delay and computational
complexity.
As shown above, the one-group method and its dierent scenarios generally
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achieve array gain but with dierent values. However, this method can be
generalized to select the best R 1 out of R relays and then the D-EO-STBC
can be applied over the selected relays.
5.4.3 Relay selection in the multi-carrier implementation
The implementation of the proposed relay selection schemes are designed
for single-carrier implementation. However, these schemes can be extended
to multi-carrier implementation by applying these schemes for each subcar-
rier independently using the equivalent channel coecients. So, the relay
selection is applied within a frequency selective channel context. In these
schemes, where only spatial cooperative diversity is exploited, the signals,
s = [s1 s2] where s1 = [s0;1; s1;1; :::; sN 1;1]T and s2 = [s0;2; s1;2; :::; sN 1;2]T ,
are transmitted from the source towards the relay nodes and the received
noisy signals at the relays are then transmitted towards the destination
node. The transmitted signals from the source and relay nodes are prop-
agated through frequency selective channels with asynchronous nature as
shown in Fig. 5.4. The CIRs for S ! Ri and Ri ! D links are given by
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Figure 5.4. Wireless relay network with single source, destination
and four relay nodes together with relative time delays, and frequency-
selective links.
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hSRi = [hSRi(0); hSRi(1); :::; hSRi(LSRi)] and hRiD =[hRiD(0); hRiD(1); :::;
hRiD(LRiD)]. The entries of the random vectors hSRi and hRiD are i.i.d.
zero mean circular Gaussian random variables with variances of 1=(LSRi+1)
and 1=(LRiD+1), respectively. The system implementations at source, relay
nodes and destination follow the same steps as in Section 4.2.5. At the source
node, the IFFT is performed on each input vectors s1 and s

2, and a cyclic
prex, of length greater than the length of the channel memory and the rela-
tive spread delay, is added in order to preserve the orthogonality among the
subcarriers of an OFDM symbol before broadcasting the two information
OFDM symbols in two time intervals, i.e. j = 1; 2, to the relay nodes, Ri,
where i = 1; 2; 3; 4. The AF type relay nodes then process the received noisy
signals, yij , according to Table 5.4 in order to generate D-EO-STBCs at the
destination node where (:) denotes reversal-time operation. As such, the
received signals at the relays, yij , can be expressed as
yij =
p
PsHSRisj + vij (5.4.7)
where vij is the corresponding zero mean AWGN terms at relay node i and
time interval j with elements having zero-mean and unit-variance.
At the destination node, the received signals at two time intervals, rj , after
Table 5.4. Conventional D-EO-STBC encoding process over for
frequency-selective channel system.
Relay Nodes
Symbol duration R1 R2 R3 R4
OFDM Symbol 1 y11 y21  (y32)  (y42)
OFDM Symbol 2 y12 y22 (y

31) (y

41)
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removing the cyclic prex and performing the FFT can be written as
264 (r1)T
(r2)
T
375 =r PsPr
Ps + 1
264 (s1)T (s1)T ( s2)T ( s2)T
(s2)
T (s2)
T (s1)T (s1)T
375
| {z }
S
266666664
H1
H2
H3
H4
377777775
+
264(n1)T
(n2)
T
375
(5.4.8)
where H(i=1;2) = HSRiHRiD and H(i=3;4) = H

SRi
HRiD. The channel ma-
trices HSRi and HRiD are N  N circulant channel matrices with entries
of HSRi(a; b) = (hSRi(a  b)modN) and HRiD(a; b) = (hRiD(a  b)modN),
respectively, with a; b = 1; 2; :::; N and mod(:) represents modulo operation.
The noise term n1 =
q
Pr
Ps+1
(
P2
i=1HRiDvi1  
P4
i=3HRiDv

i2) + w1 and
n2 =
q
Pr
Ps+1
(
P2
i=1HRiDvi2 +
P4
i=3HRiDv

i1) +w2 where w1 and w2 are
AWGN vectors at the destination for the two time intervals, j. The received
signal vectors r1 and r

2 can equivalently be written as264r1
r2
375 =r PsPr
Ps + 1
264 H1 +H2  (H3 +H4)
(H3 +H4)
 (H1 +H2)
375
| {z }
H
264 s1
s2
375+
264 n1
n2
375 (5.4.9)
The eective noise power calculated from the noise terms is equal to Efkn1k2g =
Efkn2k2g = Ef PrPs+1
P4
i=1
PLRiD
l=0 jhRiD(l)j2+1g = 4PrPs+1 +1 where the oper-
ator k:k denotes Euclidean distance. To aid in the later analysis, the received
signal vectors r1 and r

2 are normalized so that the noise variance is unity.
So,
264r1
r2
375 =
s
2s
2n
264 H1 +H2  (H3 +H4)
(H3 +H4)
 (H1 +H2)
375
| {z }
H
264 s1
s2
375+
264 n1
n2
375 (5.4.10)
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where 
2
s
2n
= PsPrPs+4Pr+1 .
Let H denote the 2N  2N equivalent channel matrix seen by the codeword
(5.4.10) which is obtained by taking the conjugate of the second received
signal, r2. So, the maximum likelihood decision variables for symbol vectors
s1 and s2 are computed as264 ~s1
~s2
375 =
s
2s
2n
HHH
264 s1
s2
375+HH
264 n1
n2
375 (5.4.11)
The proposed two relay selection methods are then employed independently
at the level of a subcarrier. Therefore, these methods choose the best two
or three relay nodes, according to which method is used, for each subcarrier
depending on the channel gain indicator from the destination receiver. The
D-Alamouti code or the D-EO-STBC is then applied to each subcarrier using
the best relay nodes, hence improving the overall system performance as
compared with the performance of the conventional D-EO-STBC scheme
with no relay selection employed or feedback implemented.
5.5 Relay Selection Schemes Performance Based on PEP Expres-
sion
PEP is one of the common performance measure metrics used in a wireless
communication system. It is simply referred to the probability of detecting
one symbol when another symbol is transmitted. So, the system with the
minimum PEP can be considered as the best system performance. In this
section, the performance of the relay selection schemes based on PEP per-
formance measure is evaluated. At the beginning, the PEP upper bound
for the conventional D-EO-STBC scheme is analyzed. Then, based on this
analysis, the comparison can be performed between the PEP upper bound
of the relay selection schemes and the conventional scheme.
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5.5.1 PEP upper bound for conventional D-EO-STBC scheme
The PEP upper bound is derived for the conventional D-EO-STBC scheme
over a wireless relay system with frequency selective fading channels. For
simplicity, it is assumed that the memory lengths for all channels are the
same, i.e. LSRi = LRiD = L. From (5.4.10), the received information signals
at the destination node are computed as
264 r1
r2
375 =
s
2s
2n
264 H1 +H2  (H3 +H4)
(H3 +H4)
 (H1 +H2)
375
| {z }
H
264 s1
s2
375+
264 n1
n2
375 (5.5.1)
The conditional PEP with Cherno bound for sj , wheresj=[s0;j; s1;j; :::; sN 1;j]T
and j = 1; 2, is given by
P (sj ! s^j jhSR1 ; :::;hSR4 ;hR1D; :::;hR4D)  exp( 
d2(sj ; s^j)
4N0
) (5.5.2)
where d2(sj ; s^j) is the distance metric and taking into account that the noise
variance N0 can be replaced by unity according to the noise assumption.
The distance metric d2(sj ; s^j) can be calculated such as
d2(sj ; s^j) =
pSNR(sj   s^j)2 (5.5.3)
where SNR = 
2
s
2n
(
P4
i=1 kHik2F + 1 + 2) and k:kF denotes the Frobenius
norm. To facilitate analysis, it is assumed that 1+2 are replaced by their
average value, i.e. 1 + 2  Ef1 + 2g =  where  might have positive
or negative value. By substituting in (7.3.9),
d2(sj ; s^j) 

"
2s
2n
(
4X
i=1
kHik2F + )
# 1
2
(sj   s^j)

2
=
2s
2n
4X
i=1
kHik2Fksj   s^jk2 +
2s
2n
ksj   s^jk2 (5.5.4)
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Based on [91], the rst term of d2(sj ; s^j) in (7.3.10) can be replaced by
2s
2n
P4
i=1 kHik2Fksj  s^jk2 
P4
i=1
2s
2n
PL
l=0 jhSRi(l)j2k(Sj  S^j)hRiDk2 where
Sj is a signal matrix of size N  (L+ 1) and is dened as
Sj =
266664
s0;j sN 1;j ::: sN L;j
: : :: :
sN 1;j sN 2;j ::: sN L 1;j
377775 (5.5.5)
and (Sj   S^j) is the signal dierence.
Suppose ij =
2s
2n
PL
l=0 jhSRi(l)j2
(Sj   S^j)hRiD2 and j = 2s2nksj   s^jk2.
Therefore, the conditional PEP Cherno bound can be expressed as
P (sj ! s^j jhSR1 ; :::;hR1D; :::)  exp( 
j
4N0
) exp( 
P4
i=1 
i
j
4N0
)
 exp(  j
4N0
)
4Y
i=1
exp(  
i
j
4N0
) (5.5.6)
The parameter ij is a random variable which depends on the complex Gaus-
sian channel vectors hSRi and hRiD. To obtain the conditional PEP upper
bound it is therefore necessary to integrate over the random channel param-
eters as in [91]
P (sj ! s^j)exp(  j
4N0
)
4Y
i=1
Z Z
exp(  
i
j
4N0
)dhSRidhRiD (5.5.7)
To solve the above integration following the approach in [91], ij can be
represented as
ij =
2s
2n
LX
l=0
jhSRi(l)j2 hHRiD(Sj   S^j)H(Sj   S^j)hRiD (5.5.8)
and dening j = (Sj   S^j)H(Sj   S^j) as the signal distance matrix. Since
j is Hermitian, its singular value decomposition (SVD) can be found as
j = V
H
j jVj . The matrix Vj is a unitary matrix and the j is a diagonal
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matrix of non-negative eigenvalue elements, lj . By substituting in (5.5.8),
ij will be
ij =
2s
2n
LX
l=0
jhSRi(l)j2 hHRiDVHj jVjhRiD
=
2s
2n
LX
l=0
jhSRi(l)j2 h^HRiDjh^RiD
=
2s
2n
LX
l=0
jhSRi(l)j2
LX
l=0
lj
h^RiD(l)2
=   xi  yi (5.5.9)
where  = 
2
s
2n
while xi =
PL
l=0 jhSRi(l)j2 and yi =
PL
l=0 
l
j
h^RiD(l)2 are
random variables. It is clear that the summation involves the channel el-
ements hSRi(l) and h^RiD(l) which are assumed to be zero-mean complex
Gaussian random variables with unit variance. Hence, the random variables
xi and yi follow a Gamma distribution model. Following the same procedure
as in [91], the PEP upper bound can be obtained as
P (sj ! s^j)  exp(  j
4N0
)
4Y
i=1
Z 1
0
Z 1
0
exp

 

xi
4N0

yi

pyidyipxidxi
 exp(  j
4N0
)
4Y
i=1
Z 1
0
LY
l=0
1
(1 +
ljxi
4N0
)
pxidxi
 exp(  j
4N0
)
4Y
i=1
Z 1
0
LY
l=0
1
(
ljxi
4N0
)
xLi e
 xi
 (L+ 1)
dxi
 exp(  j
4N0
)
4Y
i=1
 
 (0)
 (L+ 1)


4N0
 (L+1) LY
l=0
(lj)
 1
!
 exp(  j
4N0
)


4N0
 4(L+1) 1
 (L+ 1)
4 LY
l=0
(lj)
 4
(5.5.10)
For the at fading channels case choose L = 0.
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5.5.2 PEP comparison between conventional scheme and relay
selection schemes
For the proposed relay selection methods, the overall system channel gains
of the two methods (2) and (3) are greater than the overall system chan-
nel gain  of the conventional D-EO-STBC scheme, and consequently the
resultant SNRs for the two relay selection methods are greater than the re-
sultant SNR for the conventional scheme. Therefore, based on (7.3.9), the
relationship between the distance metrics of the two proposed relay selection
methods, d2(2)(sj ; s^j) and d
2
(3)(sj ; s^j), and the distance metric of the conven-
tional scheme, d2(sj ; s^j), can be written as
d2(2)(sj ; s^j)  d2(sj ; s^j)
d2(3)(sj ; s^j)  d2(sj ; s^j) (5.5.11)
and consequently,
exp( 
d2(2)(sj ; s^j)
4N0
)  exp( d
2(sj ; s^j)
4N0
)
exp( 
d2(3)(sj ; s^j)
4N0
)  exp( d
2(sj ; s^j)
4N0
) (5.5.12)
Therefore, from the above two inequalities, the PEP upper bound for the
two-groups and one-group selection methods can be found as,
P(2)(sj ! s^j)  P (sj ! s^j) (5.5.13)
P(3)(sj ! s^j)  P (sj ! s^j) (5.5.14)
It can observed that the two-groups method as well as the one-group method
achieves the minimum PEP values as compared to the conventional D-EO-
STBC scheme. Therefore, the two relay selection methods reduce the PEP
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which result in enhancing the overall performance of the wireless relay sys-
tem.
5.6 Simulation Results
The performance of the proposed relay selection schemes via numerical sim-
ulation including the two transmission implementations which are single-
carrier and multi-carrier implementations have been studied. In the single-
carrier case, the comparison with the distributed-Alamouti (D-Alamouti)
scheme [23] for two relays and the conventional D-EO-STBC and closed-loop
D-EO-STBC schemes proposed in [118] for four relays is provided where the
channel has been assumed to be quasi-static at Rayleigh fading. While in
the multi-carrier case, where the channels are assumed to be quasi-static
frequency-selective Rayleigh fading with 11 taps and the uncoded OFDM
uses a 64 point FFT, the comparison with the asynchronous D-EO-STBC
scheme proposed in [124] for four relay nodes is performed. The source trans-
mits quadrature phase-shift keying (QPSK) symbols with optimal power al-
location as in [67]. The transmit power is identical for all schemes used in
the comparison. All CSI is assumed to be perfectly known at the destination
node. For the consistency within the thesis end-to-end BER is used as the
performance measure instead of end-to-end frame error rate (FER).
The performance of the proposed relay selection schemes for at relay chan-
nel systems is depicted in Fig. 5.5. The results conrm that the proposed
relay selection schemes signicantly improves the BER performance over the
the conventional open-loop D-EO-STBC with no relay selection employed
and the D-Alamouti schemes. For example, at a BER of 10 4, the pro-
posed one-group method requires approximately 19.3 dB and the proposed
two-groups method requires approximately 21.1 dB while the conventional
open-loop D-EO-STBC scheme requires approximately 26.9 dB and the D-
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Figure 5.5. Comparison of BER performance of the proposed relay
selection schemes over frequency-at channels with previous schemes in
wireless relay systems.
Alamouti scheme requires 30.3 dB. Furthermore, the one-group method pro-
vides 0.9 dB improvement over the closed-loop D-EO-STBC scheme with
perfect phase feedback but the two-groups method provides a little degra-
dation of 0.9 dB as compared with the closed-loop D-EO-STBC scheme. On
the other hand, it is clear that the BER performance of the proposed one-
group method is better than that of the proposed two-groups method. This
better improvement in BER performance is because the one-group method
can achieve array gain but at the expense of increased feedback overhead.
Moreover, the performance of the one-group relay method can be enhanced
more through implementing scenario 2 or scenario 3. In fact, scenario 3 gives
the best BER performance. The performance dierence between the various
scenarios of one-group method arises from dierent amount of achieved array
gain. The BER performance for one-group method using scenario 3 is also
depicted in Fig. 5.5. It is clear that the one-group method using scenario
3 provides the best performance as compared with the previous ones. In
particular, at a BER of 10 4, this scheme provides improvement of approx-
imately 2 dB as compared with the proposed two-groups method and an
improvement of approximately 0.2 dB as compared with the proposed one-
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Figure 5.6. Comparison of BER performance of the proposed relay
selection schemes over frequency-selective 11 tap channels with previous
asynchronous scheme in wireless relay system.
group method. However, this scheme needs more feedback overhead and
more complexity than the other proposed schemes.
The performance of the proposed relay selection schemes when frequency-
selective channels are considered is depicted in Fig. 5.6. Similar results as in
the case of at fading channels can be observed. In particular, the proposed
two-groups method substantially outperforms the conventional D-EO-STBC
scheme and provides a little reduction as compared with the closed-loop
D-EO-STBC scheme while the proposed one-group method provides much
better performance than the previous ones. For example, at a BER of 10 4,
the proposed two-groups method provides approximately 6 dB improvement
over the conventional D-EO-STBC scheme and approximately 0.9 dB reduc-
tion below the closed-loop D-EO-STBC scheme. More improvement in BER
performance is shown in the case of the one-group relay selection method.
For example, at a BER of 10 4, the one-group selection method provides
approximately 1.8 dB improvement over the two-group method and approx-
imately 0.9 dB over the closed-loop D-EO-STBC scheme. The array gain
achieved by the one-group method makes the positive dierence in the BER
performance for the one-group method over the two-groups method. How-
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ever, the one-group method requires more feedback overhead as compared
with the two-groups method.
5.7 Summary
In this chapter, two relay selection methods with simple three level power
adaptation for cooperative AF type relaying systems combined with D-
Alamouti code or D-EO-STBCs have been proposed. The investigations
were performed for single and multi carriers transmissions for at and fre-
quency selective fading links. It has been shown through simulation results
and PEP upper bound analysis that the proposed relay selection methods
are eective in enhancing the system performance by selecting the best links
for cooperative transmission together with exploiting the available power by
transferring the power from the worst links to the best links.
However, the distributed approaches in this chapter and in the previous
chapters focus on systems with four relays which limit the maximum possi-
ble order of the spatial cooperative diversity to four. In a practical situation,
there will be a large number of relays available to the system network de-
signers which can give extra spatial cooperative diversity performance due to
increased in the available independent paths between the source and desti-
nation nodes. In the next chapter, the generalized closed-loop D-EO-STBC
scheme for any arbitrary number of relay nodes will be presented and the
related system improvement will be realized.
Chapter 6
A GENERALIZED
DISTRIBUTED EXTENDED
ORTHOGONAL SPACE-TIME
BLOCK CODING SCHEME
FOR COOPERATIVE RELAY
NETWORKS
Increasing the number of independent paths between the source and the
destination nodes in a wireless relay network can give extra diversity per-
formance. This strategy can be realized through adding extra relay nodes
to the network. In this chapter, a generalized distributed extended orthog-
onal space-time block code (D-EO-STBC) cooperative scheme is proposed
to apply in wireless relay networks with an arbitrary number of relay nodes.
By applying one-bit partial feedback over certain relays or subcarriers for
certain relays, at least full spatial diversity of order equal to the number of
relays can be achieved which can substantially improve the system reliabil-
ity and robustness in the presence of fading eects and time asynchronicity.
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In addition, two eective approaches are presented based on optimal par-
tial feedback and relay selection, respectively, to further enhance the overall
system performance. Moreover, the proposed low-complexity schemes utilize
linear processing for encoding and a simple symbol-wise maximum likelihood
(ML) process for decoding. Finally, numerical results are presented to show
the performance improvements resulting from the proposed schemes.
6.1 Introduction
Recent developments in wireless communication have shown that a collection
of single-antenna relay nodes in a wireless network can share their antennas
to construct a virtual multi-input multi-output (MIMO) channel in a dis-
tributed manner. In this case, similar independent paths as in MIMO sys-
tems are also available, and this results in cooperative diversity gain [10], [53]
and [54]. Several cooperation schemes based on dierent relaying protocols
have been proposed [22] and [65]. Among dierent relaying protocols, there
are two main protocols which are decode-and-forward (DF) and amplify-
and-forward (AF). However, from a practical viewpoint, AF protocols are
much more attractive because of their simplicity in installation and avoid-
ance of digital processing at the relay nodes.
Implementation of cooperative schemes based on distributed space-time codes
(D-STCs) has been proposed for relay networks [8], [67] and [110]. It has been
shown that D-STCs potentially oer maximum diversity and data rate with
low decoding complexity. In fact, the distributed Alamouti (D-Alamouti)
scheme [23] for two relays is the only complex-symbol distributed orthogonal
space-time block codes (D-OSTBCs) scheme that can achieve full diversity
and full rate for each hop with simple linear ML decoding complexity. Re-
cently, much eort has been undertaken into designing D-STC schemes for
improving the diversity-multiplexing gain [63] for more than two relays. For
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open-loop communication systems, the distributed orthogonal and quasi-
orthogonal STBCs (D-OSTBCs and D-QO-STBCs) were proposed for more
than two relay nodes [49]. However, they can not achieve full rate and full
diversity at the same time and the decoding delay increases as the number of
relays increases. In [51] and [72], distributed dierential STCs (D-DSTCs)
were proposed for any number of relay nodes. These schemes can achieve
rate one with full diversity but at the expense of higher decoding delay and
higher complexity in encoding and decoding especially for large number of
relay nodes. For closed-loop communication systems, the channel state infor-
mation (CSI) can be exploited to further enhance the system performance.
In particular, providing all of the relay nodes with CSI through a separate
feedback from the destination. However, in [49], a CSI at the relays has
been utilized without resulting in improved diversity or coding. In [50], lim-
ited feedback beamforming combined with D-OSTBC considering multiple
antennas at the receiver and a direct path between the source and receiver
have been proposed for any number of relay nodes. Although this scheme
achieves full rate and full diversity, this approach increases the computa-
tional complexity, decoding delay and the cost. Inspired by the idea of the
Alamouti code, distributed extended OSTBCs (D-EO-STBCs) with partial
feedback were presented in [118] for perfect synchronization and in [124]
and [125] for imperfect synchronization. In those works, D-EO-STBCs us-
ing two feedback links exhibit full diversity order with coding gain and full
rate while preserving low decoding complexity. However, they are applicable
to scenarios with only three and four relays.
The performance of open-loop cooperative systems is worse than that of
closed-loop cooperative systems due to the array gain penalty. In closed-loop
systems, using partial feedback techniques is of particular practical interest
because they exhibit high performance with signicant reduced feedback
overhead. There are two widely used techniques that use partial feedback
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which are based on channel statistics [85] or quantized instantaneous channel
values on which the work in this chapter is based. In fact, partial feedback
is adopted for an increasing number of standards such as the wideband code
division multiple access (WCDMA) standard [84]. Most cooperative schemes
in the literature are based on D-OSTBCs due to their simplicity in detection
and their maximum diversity advantages. However, the D-OSTBC designs
exist only for a certain number of relay nodes [49] which limits their applica-
tion. Furthermore, as the number of relays increases the linear ML decoding
complexity is no longer achieved [49] and the decoding delay proportionally
increases. So, the focus of this chapter is to use an extended version of the
D-Alamouti code or in other words D-EO-STBCs for any number of relay
nodes to address these problems. The use of such codes is shown to preserve
low decoding delay as in the case of two relays without aecting the benets
of linear decoding and maximum diversity [118]. In addition, they are robust
to relay node failure for any reason such as maintenance.
There are therefore three main contributions in this chapter.
1. A simple closed-loop AF type scheme for D-EO-STBCs is generalized
to an arbitrary number of relay nodes considering the quasi-static
at fading channels. A simple partial feedback scheme in the form
of one-bit feedback for only R-2 relay nodes is proposed for D-EO-
STBCs, where R is the total number of relays. It is shown that the
proposed scheme can achieve at least full spatial diversity and full
rate over each hop with a simple linear ML detection. Moreover, the
powerful property of this scheme is its ability in exploiting the increase
in system relay nodes to proportionally increase the system reliability
and robustness.
2. Two high performance approaches are proposed for the generalized
closed-loop D-EO-STBCs which are based on optimal partial feedback
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and relay selection, respectively. In the rst approach, a full search is
performed in order to select the optimal one-bit feedback for only R-2
relays which can result in full spatial diversity and maximum coding
gain. In the second approach, relay selection is combined with the gen-
eralized closed-loop D-EO-STBCs. Based on the instantaneous fading
coecients, the destination chooses the best relay nodes to maximize
the signal-to-noise ratio (SNR), which results in further performance
improvement. Moreover, this relay selection based approach mini-
mizes the computational complexity and the feedback overhead. On
the other hand, the enhancement in system behavior has also been
investigated when the proposed scheme is concatenated with a binary
convolutional coding scheme at the source and the associated Viterbi
decoding scheme at the destination [114].
3. As the synchronicity between the relay nodes is an important practical
issue related to wireless relay networks [77] and [75], the proposed gen-
eralized scheme is extended to the case of imperfect synchronization
in the presence of at fading channels, as in narrowband communi-
cations, and for the case of imperfect synchronization in the presence
of frequency-selective fading channels, as in broadband communica-
tions. An orthogonal frequency division multiplexing (OFDM) type
pre-coding with cyclic prex (CP) is applied over the transmitted sig-
nals to combat fading and the eects of timing asynchronicity between
the relay nodes. Numerical results show that at least full spatial di-
versity can be achieved.
6.2 System Model and Problem Statement
Consider a wireless two-hop relay system with one source node, one desti-
nation node, and R relay nodes as shown in Fig. 6.1 where a two-hop relay
Section 6.2. System Model and Problem Statement 147
channel remains constant for coherence time Nc. Every node in the system
has only a single half-duplex antenna. The relay nodes operate in AF type
mode. There is no direct link between the source and destination nodes
due to heavy fade, path loss, shadowing eects or source coverage design.
Hence, the transmission process consists of two phases which are the broad-
casting phase and relaying phase. Each phase has time slot interval 2N , i.e.
2N  Nc. The objective is to generate D-EO-STBCs at the destination
node. Then, the information symbols, s = [s1; :::; s2N ]
T selected from any
Relay Nodes
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Node
Dsecond hopfirst hop
hSRi hRiD
Figure 6.1. Wireless relay network with single source and destination
together with multiple relay nodes; no direct path between source and
destination is available.
signal constellation S where (:)T denotes vector transpose, are grouped into
two symbol elements, i.e. s = [s1 s2]
T , or two blocks, with each block of
length N, i.e. s = [sT1 s
T
2 ]
T . Therefore, transmission occurs over two time
slots, each with the interval of two symbol elements or block periods. De-
note the fading coecient from the source node to the ith relay as hSRi , and
the fading coecient from the ith relay to the destination node as hRiD.
Assume the channel between any two terminals is quasi-static at Rayleigh
fading. Therefore, it is assumed that hSRi and hRiD are independent com-
plex circular Gaussian random variables with zero-mean and unit-variance,
i.e. CN (0; 1). The elements of the noise vectors at the relay nodes, vi, and
at the destination node, w, are also assumed to be independent identically
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distributed (i.i.d.) zero-mean and unit-variance complex circular Gaussian
random variables.
On the other hand, adding extra relay nodes to the wireless network will
create more independent paths between the source and destination nodes
which result in increased cooperative diversity gain. In practice, large num-
bers of relays will potentially be available for use in the wireless network.
However, applying a feedback scheme based on D-EO-STBC over the relay
nodes directly in a similar way as described in [118] cannot work well due to
the correlation between channels and the dependency between them. So, in
this chapter, a simple feedback scheme is designed to overcome these di-
culties with limited feedback. By so doing, independent paths equal to the
number of the deployed relay nodes will be realized which ensure that this
system can achieve at least full cooperative diversity.
6.3 Generalized D-EO-STBC Scheme over Flat Fading Channels
6.3.1 Broadcasting phase
For the rst time slot, the source node broadcasts two modulated informa-
tion symbol elements s = [s1 s2]
T to the relay nodes, Ri, with the average
transmit power per symbol Ps. During the broadcasting phase, the received
signal vector at the ith relay yi which is corrupted by both the fading coef-
cient, hSRi , and the noise vector, vi = [vi1 vi2]
T , can be expressed as
yi =
p
PshSRis+ vi (6.3.1)
6.3.2 Relaying phase
In this work, the aim is to generate D-EO-STBCs at the destination node
from the received two information symbols contained in s, (s1 and s2). So,
the network relay nodes are divided into two groups, named as group 1 and
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group 2 as shown in Fig. 6.2. Each group of relay nodes should perform a
complex conjugation over their received noisy signals from the source node.
In practice, the network relay nodes are also designed to apply two dierent
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Figure 6.2. Wireless relay network where the relay nodes are equally
divided into two groups.
unitary matrices denoted as Ai and Bi where Ai is applied to the received
noisy signal yi while Bi is applied to the conjugate y

i where (:)
 denotes the
complex conjugation. To minimize the computational complexity, the imple-
mentation of these two groups of relay nodes is designed to either implement
Ai or Bi. Therefore, only one group of relay nodes has to implement the
complex conjugation operation. Without loss of generality, group 1 contains
the rst half of relay nodes, i = 1; :::; R2 while group 2 contains the second
half of the relay nodes, i = R2 + 1; :::; R, where R is the total number of
the relay nodes. Mathematically, the transmit signal at the i -th relay can
be described as a linear function of its received signal and its conjugate as
follows
ti = 
(Aiyi +Biy

i ) = Pd(hSRiAis+ hSRiBis) + 
(Aivi +Bivi )
(6.3.2)
where 
 is the relaying gain and the parameter Pd = 

pPs.
The matrices Ai and Bi that are implemented at the i -th relays are con-
Section 6.3. Generalized D-EO-STBC Scheme over Flat Fading Channels 150
structed in the form of 2 2 matrices as follows
A1 = ::: = AR
2
=
264 1 0
0 1
375 ; AR
2
+1
= ::: = AR =
264 0 0
0 0
375
B1 = ::: = BR
2
=
264 0 0
0 0
375 ; BR
2
+1
= ::: = BR =
264 0  1
1 0
375
(6.3.3)
The relaying gain is computed as follows

 =
s
Pr
PsjhSRi j2 + 1
(6.3.4)
where Pr is the average transmit power at every relay node per transmission
and j:j2 denotes the modulus squared of a complex number.
In order to simplify the analysis, only the channel variance is considered,
EfjhSRi j2g = 1, to compute the relaying gain as follows

 =
r Pr
Ps + 1 (6.3.5)
The power allocation in [67] is adopted in this work where the total system
power Pt is equally divided between the source node and the relay nodes to
be Ps = RPr = Pt2 .
6.3.3 Processing at the destination node
The received signal vector r at the destination can be written as
r = [r1 r2]
T =
RX
i=1
hRiDti +w = PdSh+ n (6.3.6)
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with
S =

A1s ::: AR
2
s BR
2
+1s
 ::: BRs

=
264 s(1)1 ::: s(
R
2
)
1  s
(R
2
+1)
2 :::  s(R)2
s
(1)
2 ::: s
(R
2
)
2 s
(R
2
+1)
1 ::: s
(R)
1
375 (6.3.7)
h =

hg11 ::: h
g1
R
2
hg2R
2
+1
::: hg2R
T
n = [n1 n2]
T = 
(
R
2X
i=1
hRiDAivi +
RX
i=R
2
+1
hRiDBiv

i )+w
where the matrix S denotes the D-EO-STBC codeword matrix, h is the
equivalent channel vector whose elements are hg1i = hSRihRiD for group 1
and hg2i = h

SRi
hRiD for group 2, n is the equivalent noise vector and the
vector w = [w1 w2]
T includes the noise elements at the destination node.
Therefore, without decoding, the relays distributively construct a space-time
codeword S at the destination. As you can observe, the selected extended
codeword is constructed from the well-known Alamouti code [23]. The D-
EO-STBC codeword has the scale-free property which means that the code
can continue working even if one column is ignored.
Equivalently, the received signal at the destination node, for convenience
conjugated, can be written as follows
_r =
264 r1
r2
375 = Pd
264 hg1  hg2
hg2 h

g1
375
| {z }
H
264 s1
s2
375+
264 n1
n2
375
where hg1 =
PR
2
i=1 h
g1
i , hg2 =
PR
i=R
2
+1
hg2i and the matrix H incorporates
the equivalent source to destination channel fading coecients.
To decode coherently the received signal, it is assumed that the equivalent
channel H is available at the destination node. So, when matched ltering
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is performed, the Gramian matrix G can be found as
G = HHH =
264  0
0 
375 (6.3.8)
where (:)H denotes Hermitian transpose and  represents the channel gain
such that
 = +  =
R
2X
i=1
jhg1i j2 +
RX
i=R
2
+1
jhg2i j2 + g1 + g2 (6.3.9)
where  = g1 + g2 with
g1 =
R
2X
i1=1
R
2X
i2=1| {z }
i1 6=i2
hg1i1 (h
g1
i2
); g2 =
RX
i1=
R
2
+1
RX
i2=
R
2
+1| {z }
i1 6=i2
hg2i1 (h
g1
i2
) (6.3.10)
where g1 and g2 are the interference factors of the channel correlations at
group 1 and group 2, respectively.
It is worth mentioning that the equivalent channel has the orthogonal struc-
ture property so the Gramian matrix is a diagonal matrix which indicates
that the code can be decoded with a simple ML decoder. Also, it is clear
that the ML decoding of the symbol vector s is very simple as two symbols
in s^ = [s1 s

2]
T are independently decomposed from one another. Mathemat-
ically,
s^ = argmin
s^2S
k HH _r   s^ k2 (6.3.11)
where k(:)k denotes Euclidean norm.
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Figure 6.3. Schematic representation of the proposed closed-loop D-
EO-STBC cooperative system for any number of relay nodes with par-
tial feedback channels.
6.3.4 Closed-loop D-EO-STBCs using a one-bit partial feedback
scheme
The objective is achieving at least full cooperative diversity, i.e.   .
However, as in equation (6.3.9), it is clear that g1 and g2 may have neg-
ative values which may reduce the system gain below . To ensure that
g1 and g2 are always non-negative and consequently   , a new low
complexity feedback scheme that can apply over any arbitrary number of
relays is proposed. This scheme is based on implementing a phase rota-
tion process over certain relay nodes. In particular, the proposed scheme
requires R   2 feedback links between the destination and the relay nodes
to achieve a diversity of order R. This means two relay nodes do not need
to apply feedback so their forwarded signals remain unchanged. However,
it is required that each relay of them should be from a dierent group. So,
this scheme discards the worst link of each group to gain more system im-
provement. Without loss of generality, it is assumed that the relay nodes
with the worst links in the considered system are R2 and R, i.e. uR2
= 1
and uR = 1 where ui is the relay feedback weighted value. The proposed
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feedback scheme is designed to determine whether the R   2 relays require
to rotate their forwarded signals by  radians or not based on analyzing the
channel coecients for each group so a single bit is enough for each rotation
phase. Specically, the feedback scheme calculates all g1 and g2 possible
values, denoted as Lg1l and Lg2l , respectively, and based on them it can de-
termine the feedback coecient for each link cg1i and c
g2
i which is either 1
or 0, where l = 1; 2; :::; 2m and m =
R
2
2

. The feedback coecients of each
group cg1i and c
g2
i are computed according to the channel coecients of each
group hg1i and h
g2
i , respectively. The channel coecients h
g1
i and h
g2
i can be
positive or negative values, i.e. hg1i and hg2i . In the following, the anal-
ysis process that occurs at the destination node will be explained in detail
to nd the feedback coecients of group 1, cg1i , for m links. In group 1,
the channel coecients are hg1i = hSRihRiD where i = 1; :::;
R
2 . The channel
related terms over group 1 can be calculated as follows
hg1R
2
 1;R
2
= 2RefhR
2
 1hR2 g
hg1R
2
 2;R
2
 1;R
2
= 2RefhR
2
 2(hR2  1 + hR2 )g
hg1
1;:::;R
2
 1;R
2
= 2Refh1(h2  ::: hR
2
 1 + hR
2
)g
Based on the channel related terms, Lg1l can be found as follows
Lg1l = hR
2
 1;R
2
 hR
2
 2;R
2
 1;R
2
hR
2
 3;R
2
 2;R
2
 1;R
2
::: h1;:::;R
2
 1;R
2
Specically,
Section 6.3. Generalized D-EO-STBC Scheme over Flat Fading Channels 155
Lg1l =
8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
Lg11 =hR
2
 1;R
2
+hR
2
 2;R
2
 1;R
2
+hR
2
 3;R
2
 2;R
2
 1;R
2
+:::+h1;:::;R
2
 1;R
2
Lg12 =hR
2
 1;R
2
+hR
2
 2;R
2
 1;R
2
+hR
2
 3;R
2
 2;R
2
 1;R
2
+::: h1;:::;R
2
 1;R
2
::: = :::
::: = :::
Lg1
2m 1 = hR2  1;R2   hR2  2; R2  1;R2   hR2  3; R2  2; R2  1;R2   :::
 h1; :::; R
2
 1;R
2
Lg1
2m 1+1 =  hR2  1;R2+hR2  2;R2  1;R2+hR2  3;R2  2;R2  1;R2+:::+h1;:::;R2  1;R2
Lg1
2m 1+2 =  hR2  1;R2+hR2  2;R2  1;R2+hR2  3;R2  2;R2  1;R2+::: h1;:::;R2  1;R2
::: = :::
::: = :::
Lg12m =  hR
2
 1;R
2
  hR
2
 2; R
2
 1;R
2
  hR
2
 3; R
2
 2; R
2
 1;R
2
  :::
 h1; :::; R
2
 1;R
2
Based on that, the feedback coecients can be determined as follows
cg1i =
8>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>:
cg1R
2
 1 =
8><>: 0 if Ll  0 and hR2  1;R2  01 if Ll  0 and hR
2
 1;R
2
< 0
cg1R
2
 2 =
8><>: 0 if Ll  0 and hR2  2;R2  1;R2  01 if Ll  0 and hR
2
 2;R
2
 1;R
2
< 0
::: =

:::
::: =

:::
cg11 =
8><>: 0 if Ll  0 and h1;:::;R2  1;R2  01 if Ll  0 and h1;:::;R
2
 1;R
2
< 0
(6.3.12)
Similarly, the feedback coecients of group 2, cg2i , can be computed taking
into consideration that hg2i = h

SRi
hRiD where i =
R
2 + 1; :::; R. Finally,
the phase rotation factors ui (feedback weighted values) can be calculated
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according to the following equation
ui =
8><>: ( 1)
c
g1
i if i = 0; :::; R2
( 1)cg2i if i = R2 + 1; :::; R
(6.3.13)
It is clear that the scheme only requires one bit for each rotation process.
Therefore, the maximum overhead of the feedback channel in this scheme is
R  2 bits.
It is assumed that the stationarity of the channel is sucient to tolerate the
feedback delay. By doing so, the relay transmitted signals ti are multiplied
by phase rotators ui before they are transmitted from their relay nodes
as shown in Fig. 6.3. The phase rotation on the transmitted symbols is
equivalent to rotating the phases of the corresponding channel coecients.
The received signal vector r at the destination node can then be expressed
as follows
r =
RX
i=1
tiuihRiD +w
Consequently, the equivalent channel matrix H^ is given by
H^ =
264 h^g1  h^g2
h^g2 h^

g1
375 (6.3.14)
where h^g1 =
PR
2
i=1 uih
g1
i and h^g2 =
PR
i=R
2
+1
uih
g2
i taking into account that
uR
2
= uR = 1.
Consequently, f = f + f =
PR
2
i=1 juihg1i j2 +
PR
i=R
2
+1
juihg2i j2 + f1 + f2
where
fg1 =
R
2X
i1=1
R
2X
i2=1| {z }
i1 6=i2
ui1h
g1
i1
(ui2h
g1
i2
); fg2 =
RX
i1=
R
2
+1
RX
i2=
R
2
+1| {z }
i1 6=i2
ui1h
g2
i1
(ui2h
g2
i2
)
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It is clear that f =  taking into account that juij2 = 1.
The feedback gain (array gain) is f = 
f
g1 + 
f
g2. As such, the feedback
gain is equal to zero or a positive value, i.e. f > 0. Therefore, the designed
closed-loop system can obtain additional performance gain, which leads to
an improved channel gain, and correspondingly the SNR at the destination
receiver. Also, as f  PRi=1 jhij2 = f , therefore the system can at least
achieve full cooperative diversity of order R.
In the case of an arbitrary odd number of relay nodes, the relays are divided
between the two groups where one group consists of (R + 1)=2 while the
other consists of (R   1)=2 relays. In fact, the proposed one-bit feedback
scheme can be relaxed for any group size.
6.3.5 Optimal one-bit partial feedback approach for D-EO-STBCs
The feedback scheme can improve the system performance through increas-
ing the feedback gain, f , without increasing the feedback bits. This will
happen if the scheme optimally selects the one-bit feedback links for each
group which results in maximizing g11 and 
g2
1 . So, in the following, an
optimal partial feedback approach that can leverage the system overall per-
formance to the maximum using no more than R 2 bits is proposed. Then,
based on a full search over all values of Lg1l and Lg2l , this scheme will inde-
pendently choose the maximum value of each. Therefore,
Lg1max = max
l
fLg1l g and Lg2max = maxl fL
g2
l g (6.3.15)
As a result, the corresponding feedback coecients cg1i and c
g2
i can be found
and consequently the phase rotation factors ui. So, this method can achieve
a signicant improvement without needing to increase the transmit power
or the feedback overhead.
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6.3.6 Selection relay approach over closed-loop D-EO-STBCs and
D-Alamouti
The relay selection approach for cooperative systems has been recently pro-
posed as in [94], [97] and [126], to improve system reliability and reduce
complexity. The key idea behind these approaches is to select the best re-
lays between the source and destination nodes that have the best paths
according to the channels conditions. However, most of the previous stud-
ies are based on selecting the best relay. In this section, two eective relay
selection approaches combined with simple three level power adaptation are
proposed. The relays are assumed to be able to operate with three power
levels: zero, normal power value according to the optimal power allocation
proposed in [67] and maximum power which is double the normal power. In
the proposed approaches, the total system power, which is calculated based
on normal power, should be constant. So, to switch one relay to use its
maximum power that means the status of one dierent relay is switched o.
In the following, the two relay selection approaches will be presented.
D-EO-STBC-based relay selection approach
In this approach, the system will work with R  1 relays instead of R relays
where the worst relay, based on instantaneous channel conditions, is switched
o. In particular, this approach determines the worst link and the best
link for the whole system according to the instantaneous channel fading
coecients as follows.
hmax = maxfmax
i
fjhg1i j2g;maxi fjh
g2
i j2gg
hmin = minfmin
i
fjhg1i j2g;mini fjh
g2
i j2gg (6.3.16)
The approach then neglects the relay with the worst link, hmin, by stop-
ping its forwarding process and exploiting its transmit power Pr through
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transferring it to the relay with the best link, hmax, which result in doubling
its transmit power to 2Pr. By so doing, the total transmit power remains
unchanged. Mathematically, that means, in terms of channel coecient hi,
hi = 0 if hi = hmin
hi =
p
2hmax if hi = hmax
(6.3.17)
Finally, this approach performs the closed-loop D-EO-STBC over the se-
lected relays with (R   1)   2 feedback links. Without loss of generality,
it is assumed that R1 has the best link while RR has the worst link, the
equivalent channel will consequently be
_H =
264 _hg1   _hg2
_hg2 _h

g1
375 (6.3.18)
where
_hg1 =
p
2u1hSR1hR1D +
R
2X
i=2
uihSRihRiD and
_hg2 =
R 1X
i=R
2
+1
uih

SRihRiD
and consequently, the channel gain of this approach , _f , can be calculated
as _f = _f + _f = _f1 + _
f
2 +
_f1 +
_f2 where
_f1 = j
p
2u1h
g1
1 j2 +
R
2X
i=2
juihg1i j2 and _f2 =
R 1X
i=R
2
+1
juihg2i j2
_fg1 =
R
2X
i2=2
p
2u1h
g1
1 (ui2h
g1
i2
)+
R
2X
i1=2
p
2ui1h
g1
i1
(2u1h
g1
1 )
+
R
2X
i1=2
R
2X
i2=2| {z }
i1 6=i2
ui1h
g1
i1
(ui2h
g1
i2
)
_fg2 =
R 1X
i1=
R
2
+1
R 1X
i2=
R
2
+1| {z }
i1 6=i2
ui1h
g2
i1
(ui2h
g2
i2
)
It is clear that this approach can eectively exploit the available total trans-
mit power over the relay nodes to obtain better performance.
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D-Alamouti-based relay selection approach
In this approach, the system will work with only two relays instead of R re-
lays where the R 2 worst relays, based on instantaneous channel conditions,
are switched o. Also, the approach does not require feedback for aligning
the relay transmitted signals. In particular, according to the instantaneous
channel fading coecients, this approach selects the best link and the second
best link to be employed within this system. So,
hbest = maxfmax
i
fjhg1i j2g;maxi fjh
g2
i j2gg
h2nd best = maxfmax
i
fjhg1i j2g;maxi fjh
g2
i j2gg(except hbest) (6.3.19)
The approach then neglects the remaining R  2 relays with the worst links
by stopping their forwarding process and exploiting their transmit powers
(R 2)Pr through transferring them to the best and second best relays, hbest
and h2nd best, in equal quantities which results in increasing the transmit
power for each of them to be R2 Pr. Mathematically, that means, in terms of
channel coecient hi,
hi =
q
R
2 hbest if hi = hbest
hi =
q
R
2 h2nd best if hi = h2nd best
hi = 0 if elsewhere
(6.3.20)
Finally, the approach implements D-Alamouti code over the selected two
relays. Therefore, the equivalent channel can be obtained as
HA =
264
q
R
2 hbest  
q
R
2 h2nd bestq
R
2 h

2nd best
q
R
2 h

best
375 (6.3.21)
and consequently, the channel gain, A, based on this approach will be
A = j
q
R
2 hbestj2 + j
q
R
2 h2nd bestj2 = R2 (jhbestj2 + jh2nd bestj2).
This approach will substantially minimize the computational complexity and
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the feedback overhead as compared with the previous proposed relay selec-
tion approach.
6.4 Closed-Loop D-EO-STBC Scheme for Asynchronous Narrow-
band Networks
The term narrowband network is used here to refer to a network in which
all channels between any two nodes are presumed as at fading channels.
In practical wireless narrowband communication, the transmitted signals
through the relay nodes will most likely have dierent propagation delays and
therefore arrive at the destination receiver at dierent time instants. That
means the synchronization between the relay nodes is dicult or impossible
due to several factors such as the relay nodes being spread out in dierent
locations and each relay node having its own oscillator. Recently, there have
been studies related to asynchronous cooperative relay systems; for example,
[75]. In practice, the asynchronism represents frame delay shifts rather than
carrier frequency osets. Therefore, there is normally a timing misalignment
of  between the received versions of these signals. Without loss of generality,
it is assumed that the receiver at the destination is perfectly synchronized
to R1 and i-sample misalignment with the other relay nodes is present as
shown in Fig. 6.4. Such a relative delay will cause inter-symbol interference
(ISI) between subcarriers which will degrade the system performance. In the
following section, a simple AF type scheme is proposed for an asynchronous
cooperative system through the use of a feedback channel. This scheme can
extract full spatial cooperative diversity from a complex orthogonal STBC
design. Also, a very simple ML decoding algorithm can be used at the
destination receiver.
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Figure 6.4. Schematic representation of the proposed asynchronous
closed-loop D-EO-STBC cooperative system for any number of relay
nodes with partial feedback channels.
6.4.1 Broadcasting and Relaying phases
In the broadcasting phase, the source node converts sequentially two con-
secutive symbol blocks s = [s1 s

2]
T with complex conjugation for the sec-
ond symbol into two OFDM symbols x = [x1 x2] by using the inverse
discrete Fourier transform (IDFT) operation, i.e. x = IDFT(s), where
sj = [s0;j ; s1;j ; :::; sN 1;j ]T , j = 1; 2 and N represents the OFDM symbol
length with a two-hop channel of 2N coherence time. Each OFDM symbol
is preceded by a CP with length lcp before broadcasting which makes each
OFDM symbol length equal to Ls = N + lcp. It is assumed that lcp is not
less than the maximum of the possible relative timing errors of the signals
arriving at the destination node. The received signals at every relay yi for
two successive OFDM symbol periods can be written as
yi =
p
Psx hSRi + vi (6.4.1)
In the relaying phase, the relay nodes amplify and forward the OFDM signals
using a similar way as described in the previous section where each relay is
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designed to implement the matrices Ai and Bi of size 2N  2N , where
A1 = ::: = AR
2
=
264 IN 0N
0N IN
375 ; AR
2
+1
= ::: = AR =
264 0N 0N
0N 0N
375
B1 = ::: = BR
2
=
264 0N 0N
0N 0N
375 ; BR
2
+1
= ::: = BR =
264 0N  IN
IN 0N
375
(6.4.2)
where IN denotes the identity matrix of size N  N and 0N denotes the
N N matrix with all zeros.
However, to construct signals at the destination in the form of a D-EO-STBC
codeword a simple reversed cyclic shift operation should be implemented
on the received noisy signals, i.e. (yi), where (:) represents the time-
reversal of the signal, dened as (a(k)) = a(N   k) where k = 0; 1; :::; N  
1 and a(N) = a(0). To minimize the computational complexity, the time-
reversion operation is implemented over only one group, which is here group
2. Therefore, the transmit signal at the ith relay can be expressed as
ti = 
( Aiyi + Bi(y

i )) (6.4.3)
In order to extract full spatial cooperative diversity, a simple feedback ap-
proach similar to that mentioned in the previous section is proposed to apply
over R  2 relay nodes. Although the previous proposed feedback approach
is designed for a single-carrier implementation, this approach is developed
here for multi-carrier implementation by independently applying the same
feedback algorithm for each OFDM sub-carrier using the equivalent channel
coecients for each sub-carrier. Therefore, it is adequate that the R-2 relay
nodes rotate their signals according to the corresponding feedback vector
ui while the remaining two relays, in this case
R
2 and R, keep their signals
unchanged, i.e. ui = 1N where 1N is a vector of all elements equal to unity
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and i = R2 and R in this case.
6.4.2 Implementation at the destination node
The destination node receives the information symbols from the relay nodes
in dierent relative time delay instants. The delay instants in the time
domain are equivalent to phase changes in the frequency domain
f i =

f i0 ; f
i
1 ; :::; f
i
N 1
T
(6.4.4)
where f ik = exp( j2ki=N) and k = 0; 1; :::; N   1.
However, to process the data at the destination node, the following steps are
performed:
1. CP removal is performed for each received signal as shown in Fig. 6.5.
2. Shifting the last lcp samples to be the rst samples for the received
signals during the second symbol period to correct the misalignment
caused by the time reversal process.
3. Applying DFT transform operation taking into account the follow-
ing identities (DFT(x)) = IDFT(x), (IDFT(x)) = DFT(x) and
DFT((DFT(x))) = IDFT(DFT(x)).
iτ
Figure 6.5. Relay synchronization with respect to relay 1 and CP
removal.
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The received signal vectors, r1 and r2, at the destination node therefore can
be written as
r1 = Pd(
R
2X
i=1
s1  f i  uihg1i  
RX
i=R
2
+1
s2  f i  uihg2i ) + n1 (6.4.5)
r2 = Pd(
R
2X
i=1
s2  f i  uihg1i +
RX
i=R
2
+1
s1  f i  uihg2i )+n2 (6.4.6)
where  is the Hadamard product, hg1i = hSRihRiD, hg2i = hSRihRiD, n1=

(
PR
2
i=1f
i uihRiD DFT(vi1) 
PR
i=R
2
+1
f i uihRiD DFT(vi2))+w1, and
n2 = 
(
PR
2
i=1 f
iuihRiDDFT(vi2)+
PR
i=R
2
+1
f iuihRiDDFT(vi1))+w2.
Hence, r1 and r2 in (6.4.5) and (6.4.6) can be written for each subcarrier k
as follows
264 rk;1
rk;2
375 = Pd
264 hg1k  hg2k
(hg2k )
 (hg1k )

375
| {z }
Hk
264 sk;1
sk;2
375+
264 nk;1
nk;2
375 (6.4.7)
where hg1k =
PR
2
i=1 
k
i hSRihRiD and h
g2
k =
PR
i=R
2
+1
ki h

SRi
hRiD where 
k
i =
f ik uk;i.
After applying the matched ltering process at the destination receiver with
the equivalent channel matrix in (6.4.7) for each of the k sub-carriers, the
Gramian matrix Gk can be obtained as follows.
Gk = HHk Hk =
264 k 0
0 k
375 (6.4.8)
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where k represents the channel gain at each subcarrier k such that k =
k + k =
PR
2
i=1 jki hg1i j2 +
PR
i=R
2
+1
jki hg2i j2 + g1k + g2k where
g1k =
R
2X
i1=1
R
2X
i2=1| {z }
i1 6=i2
ki1h
g1
i1
(ki2h
g1
i2
); g2k =
RX
i1=
R
2
+1
RX
i2=
R
2
+1| {z }
i1 6=i2
ki1h
g2
i1
(ki2h
g2
i2
)
taking into account that juk;1j2 = juk;2j2 = 1 and (f ik )f ik = 1. The values
of g1k and 
g2
k after applying the feedback will be always non-negative which
means the proposed scheme is able to achieve at least full spatial diversity.
6.5 Closed-Loop D-EO-STBC Scheme for Asynchronous Broad-
band Networks
The term broadband network is used because the channels in the wireless
relay network are assumed to be frequency-selective fading channels. In
the broadband network, the transmitted signals experience multiple paths
to arrive at the destination node. Also, the transmitted signals experience
dierent time delays to arrive at the destination node where the synchro-
nization is dicult to achieve in this situation. In this section, a closed-loop
one-bit feedback scheme is designed for a D-EO-STBC multi-carrier system
over frequency-selective fading channels. In fact, it is an extension version of
that proposed in the previous section. Hence, a similar procedure can be fol-
lowed considering the dierences that will be explained now. So, the source
implements the same steps as in the previous section taking into account
that all the system channels are assumed to be frequency-selective quasi-
static fading channels. However, at the relay nodes, the system implements
some dierent operations as follows. The relay nodes rstly remove the CP
from their received information signals. Then, certain R-2 relays, which need
to apply feedback over them, implement the DFT process in order to apply
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the proper phase rotation while the remaining two relays, in this case R2 and
R, do not require this process. After applying feedback over the R-2 relays,
these relays perform an IDFT process instead of a time-reversal process as
in the previous section. However, the relay R should perform a time-reversal
process over its received signals. Finally, all relays add a CP to their sig-
nals before transmitting them towards the destination node. Therefore, the
transmit signals at certain R  2 relays can be expressed as
ti = 
( Ai IDFT(yi) + Bi IDFT((y

i ))) (6.5.1)
As shown in equation (6.5.1), the group 2 does not require the time-reversion
operations.
At the destination, only two steps are performed over the received signals
in order to extract the information symbols which are the CP removal and
DFT process. As is evident, a shifting step at the destination node as in
the previous narrowband scenario is not needed in this scenario. It is note-
worthy that the proposed scheme is focused on achieving spatial cooperative
diversity. However, the temporal diversity available in the multipaths can
be exploited by using complicated space-time-frequency block coding meth-
ods [117], but this is beyond the scope of this work.
6.6 Simulation Results
In this section, numerical simulation results for the AF cooperative system
based on closed-loop D-EO-STBC schemes are presented to illustrate the
end-to-end bit error rate (BER) performance of the proposed schemes over
fading channels. The fading is assumed to be constant within a frame of
two blocks each with 64 symbols and to change independently from frame-
to-frame, i.e. quasi-static fading. The symbols are drawn from quadrature
phase-shift keying (QPSK) modulation. The total transmit power is equally
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divided between the source node and the relay nodes. The same total power
is used for each simulation. One antenna at each node was considered. The
x-axis shows the average transmitted power from the source node in dB and
the y-axis shows the end-to-end BER.
In Fig. 6.6, the BER performance of the proposed closed-loop D-EO-STBC
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Figure 6.6. System performance for the proposed closed-loop scheme
and a comparison in performance when the number of network relay
nodes is increased from 4 to 8.
cooperative scheme for dierent numbers of relay nodes R over at fad-
ing channels is shown. The BER curves show signicant improvements on
the system performance when the feedback channels are considered for the
overall transmit power range. These improvements on the system perfor-
mance are because the systems with feedback schemes can achieve at least
full cooperative diversity while the systems without feedback schemes do not
achieve full diversity. Another notable benet is the increase in diversity as
R increases so that AF type cooperation improves the BER performance
signicantly. It can be seen that a transition from R = 4 to R = 8 leads to a
performance improvement greater than 4.25 dB for BER=10 4. These plots
demonstrate the eect of R on the cooperative diversity order, i.e. diversity
order = 1R1. It is worth mentioning that as the number of R increases,
the transmit power for each relay will decrease as a result of the adopted
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power allocation so that will reect on minimizing the interference to other
users which is a great advantage.
Fig. 6.7, shows the result of the optimal one-bit feedback and the two relay
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Figure 6.7. Performance comparison between the proposed closed-
loop D-EO-STBCs combined with optimal partial feedback (OPF) and
relay selection (RS) when the number of network relays equal to eight
relays.
selection based approaches over at fading channels on a wireless network
with R=8 relay nodes. The optimal partial feedback system adds approxi-
mately 1.3 dB gain over the partial feedback system at an error rate of 10 4.
This is due to further improvement in array gain. On the other hand, the
relay selection based on D-EO-STBC and D-Alamouti approaches provides
approximately 0.95 dB and 0.70 dB gains, respectively, over the partial feed-
back system. This is due to exploiting the available power over relay nodes
eciently. In fact, the relay selection based D-EO-STBC approach outper-
forms the relay selection based D-Alamouti approach. However, from the
curves, it is clear that the optimal feedback approach provides better per-
formance than the relay selection based approaches. Specically, at BER of
10 4, the optimal feedback approach provides an improvement gain of ap-
proximately 0.35 dB over the relay selection based D-EO-STBC approach.
On the other hand, in wireless applications it is desirable to use a channel
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code to increase reliability. So, concatenation of the proposed scheme with
a rate 1/2 convolutional code at the source and employing Viterbi decoding
at the destination [114] is studied as shown in Fig. 6.7. As can be observed,
approximately 3.75 dB additional gain has been achieved as compared to the
proposed scheme with one-bit feedback when BER = 10 4. This is because
the coded scheme has achieved further coding gain.
In Fig. 6.8, the BER performance of the cooperative system over at fading
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Figure 6.8. Performance comparison for the proposed closed-loop
schemes over asynchronous narrowband network scenario.
channels for R = 4 and R = 8 when the synchronization is assumed to be
imperfect is shown. It is clear that BER performance for the system with
feedback is much better than that without feedback. Also, the positive eect
of increasing R on the system performance can be noticed. In particular, at
BER of 10 4, the system when R = 8 requires approximately 16.5 dB while
the system when R = 4 requires approximately 21 dB. Therefore, the in-
crease of R will potentially improve the system performance. Also, the BER
performance for the optimal feedback and relay selection based D-EO-STBC
approaches when R = 8 relay nodes is depicted. It is clear that both ap-
proaches provide signicant improvements as compared to the system with
partial feedback. For example, at BER of 10 4, performance improvements
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of approximately 1.5 dB and 1 dB were achieved when the optimal feedback
and relay selection based approaches are applied, respectively. It is also
clear that the optimal feedback approach has achieved the best performance
compared to others.
In Fig. 6.9, the eect of frequency-selective fading channels and imperfect
synchronization on the system performance for the proposed closed-loop D-
EO-STBC schemes is investigated. It is realized that the system can achieve
at least full cooperative diversity when applying feedback channels which
lead to substantially improved system performance as compared to the sys-
tem with no feedback. Also, it is noticeable that the system diversity order
increases as the number of relay nodes increases which reects positively on
the system performance. The gure also exhibits the advantages of using
the optimal feedback and relay selection based D-EO-STBC approaches on
the system performance. Also, you can recognize that the optimal feedback
approach provides the best performance.
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Figure 6.9. Performance comparison for the proposed closed-loop
schemes over asynchronous broadband network scenario.
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6.7 Summary
In this chapter, a generalized D-EO-STBC cooperative scheme for a wire-
less relay system over fading channels was proposed. The AF type relay
nodes were equally divided into two groups with implementing simple and
limited operations over only one group. A one-bit feedback from the des-
tination node to certain relay nodes or subcarriers for certain relays was
applied to combat the inter-channel correlation eects that might reduce
the diversity below full orders. Numerical results show signicant improve-
ments of the proposed schemes over the open-loop schemes. Furthermore,
increasing the number of relay nodes will lead to increased spatial diversity
and therefore obtain further robustness for the system in the presence of
fading. To improve the system performance more, two approaches which are
based on optimal feedback and relay selection have been proposed. It has
been shown that both schemes provide great improvements to the system
performance. Dierent cooperative network scenarios have been presented.
In terms of data rate, the proposed D-EO-STBC schemes provide full rate in
each phase. On the other hand, the information symbols are being decoded
separately in a very simple manner at the destination. Finally, the most
importantly result can be concluded is the increase in the number of relay
nodes can improve the system performance without requiring extra transmit
power or bandwidth.
Chapter 7
COOPERATIVE COGNITIVE
NETWORKS BASED ON
DISTRIBUTED
ORTHOGONAL SPACE-TIME
BLOCK CODES
Cognitive radio is a novel paradigm that can substantially improve the e-
ciency of radio spectrum utilization. In this chapter, the performance anal-
ysis and evaluation of an amplify-and-forward (AF) type relay cooperative
network where the relays operate as cognitive radios is investigated. A space-
time-division (STD) protocol based on a distributed extended orthogonal
space time block coded (D-EO-STBC) scheme is proposed and a closed-form
expression for outage probability both with perfect and imperfect spectrum
acquisition in Rayleigh fading channels is provided. Simulations show that
the proposed scheme provides better outage performance than the conven-
tional schemes based on a time-division (TD) protocol. The analytical out-
age probability expressions are nally validated through simulations. Also,
the performance of a cognitive relay network when the cognitive user can
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transmits its own information in addition to relaying the trac of primary
user is discussed and evaluated. A robust scheme based on the closed-loop
D-EO-STBC has been proposed for the scenario where the cognitive user
can utilize the spectrum when it is free or in other word opportunistically or
it can transmit its own information simultaneously with the primary user.
It is proved that the corrupted interference from the cognitive user to the
primary user and vice versa can be completely eliminated which results in
improved spectrum utilization eciency without compromising on the pri-
mary transmission performance. In fact, the proposed cooperative schemes
based on D-EO-STBC in the context of cognitive radio improve the transmis-
sion robustness of the primary communication and increase the probability
of transmission opportunities of cognitive users which results ultimately in
improving the spectrum utilization eciency.
7.1 Introduction
Cooperative communications is an eective and promising solution for next-
generation wireless systems which require high reliability and data rate
[11], [12] and [127]. In fact, it is being considered in the standardization
process of next-generation mobile broadband communication systems such
as 3GPP LTE-Advanced and WiMAX standards (IEEE 802.16j and IEEE
802.16m) [12]. The key idea behind cooperative transmission is that the
single antenna relays cooperatively assist the source node in transmitting
information when the direct path from source to destination is in a deep
fade and then the destination combines its received signals exploiting spa-
tial diversity through the multiple receptions [8]. So, this new technology
can overcome the limitations of other wireless technologies such as heavy
shadowing eects, deep path loss and limited wireless terminal size whilst
expanding network coverage and saving transmit power. In addition, it can
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improve the eciency of frequency spectrum. However, with huge growth
in wireless services over the past decade, the spectrum becomes more con-
gested. Specically, the radio frequency spectrum is commonly divided into
bands which are exclusively allocated to specic services without allowing
unlicensed users to share them. Interestingly, most spectrum allocated for
the primary licensed users is under-utilized at dierent time slots and lo-
cation areas according to practical measurements and surveys; for example,
in measurements performed by the Federal Communications Commission
(FCC) [38] in the United States and Ofcom [39] in the United Kingdom.
One of the key and innovative technologies in enhancing spectrum utiliza-
tion is cognitive radio [41] and [98]. The main idea is allowing secondary
unlicensed users to opportunistically or concurrently utilize licensed bands
without causing harmful interference to the primary users operating in that
band [128]. In fact, there are three main cognitive approaches which are in-
terweave, overlay and underlay cognitive techniques [46]. However, only the
interweave and overlay approaches are considered throughout this chapter.
Recently, there has been growing interest in the integration of cognitive
radio capability into cooperative communications. In contrast to the conven-
tional cooperative scenario, cognitive relays will only transmit if they are able
to acquire spectrum. This combination can provide reliable transmission for
both primary and secondary users. In [14], a cooperative cognitive relay net-
work has been proposed to minimize interference to the primary users whilst
ensuring reliable transmission for the secondary users. In [129], distributed
power allocation schemes for wireless cognitive relay networks have been de-
veloped. In [100], cooperative cognitive relay schemes to improve spatial and
spectrum diversities have been developed. In [14] and [99], both cooperative
sensing and cooperative transmission among secondary cognitive relays are
considered. In [101], a cognitive cooperation scheme to select the optimal
cognitive relay among many moving relays has been proposed.
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Outage probability is an important performance criterion that is widely
used for characterizing the performance of communication systems [53], [130]
and [131]. In [130], the outage probability of cooperative relay networks has
been evaluated for arbitrary signal-to-noise ratio (SNR). The outage prob-
ability for a cooperative network equipped with multi AF relays has been
obtained in [132]. In [104], the outage probability of a cognitive relay net-
work has been derived to obtain diversity order. It was shown in [104] that
the outage probability is valid in the high SNR regime. The outage perfor-
mance analysis for decode-and-forward (DF) cooperative networks using a
repetition-based relaying scheme or using the single best relay has been pre-
sented in [105] while the outage probability of a wireless two AF cognitive
relay network has been investigated in [106]. The outage performance of
a wireless cognitive relay network can be improved if cooperative spectrum
sensing is used which can increase the probability of acquiring spectrum [104]
and [133].
Most outage performance analyses for wireless cognitive relay networks
in the literature have considered relaying schemes based on a TD arrange-
ment. Although this type of scheme can facilitate orthogonal transmission,
the required time for overall transmission will increase when the number of
participant relays increases, and consequently this will maximize the out-
age threshold which will degrade the system performance. In this work, the
outage performance of a wireless AF type cognitive relay network with a
relaying scheme based on a STD arrangement in the form of D-EO-STBC is
therefore investigated. This scheme requires only two time slots to complete
the information transmission between the source and destination and can
achieve a minimum outage threshold. Moreover, the gain exploited from the
feedback process of the D-EO-STBC scheme for more than two relays will
contribute in further minimizing the outage threshold. To derive the outage
performance of an AF cognitive relaying scheme, a bound based approach
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has been adopted and veried through simulations. Also, the outage proba-
bility of a wireless AF cognitive relay network based on selection cooperation
has been proposed. Furthermore, the outage performance if the spectrum
acquisition is not always perfect is discussed and evaluated.
On the other hand, secondary users can increase their transmission data rate
by sharing the spectrum with the primary users concurrently or opportunis-
tically and at the same time the primary users can exploit the concurrent
secondary user to improve the transmission reliability by using coopera-
tive diversity techniques. In [102] and [103], the primary and secondary
transmission was studied where the primary user with the assistance of two
secondary users that employs DF or AF relaying protocol, respectively, can
communicate with its destination along with the direct path and one of the
secondary users can simultaneously communicate with the other using the
overlay approach. As a result, a reliable transmission for primary and sec-
ondary users was established. In this chapter, spectrum sharing based on
an overlay approach and cooperative transmission is also investigated where
the primary user depends on four cognitive relays in conveying its informa-
tion to its destination, i.e. there is no direct link between the primary user
and its destination. In this approach, an AF type relaying protocol is ap-
plied over the cognitive relays and the closed-loop D-EO-STBC cooperative
scheme as in [118] is exploited. Simultaneously, any two cognitive relays can
communicate with each other, i.e. the primary and secondary transmission
can occur at the same time.
7.2 Wireless Cognitive Relay Network Model
Consider a dual-hop cognitive relay network which consists of a source, sev-
eral clusters of relays and a destination, as shown in Fig. 7.1, where each
cluster includes a primary (licensed) user and a secondary user (cognitive
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Figure 7.1. Wireless cognitive relay system where transmission occurs
over two phases. (a) All cognitive relays participate in transmission
during phase 2 based on D-EO-STBC scheme. (b) Only the best two
cognitive relays based on selection cooperation scheme participant in
transmission during phase 2 where the solid lines mean the selected
paths.
relay). All nodes are equipped with only one antenna and are in half-duplex
mode. There is no direct path between the source and destination due to
heavy shadowing or deep path loss. Therefore, transmission occurs over two
phases. In the rst phase, the source transmits symbol vector s = [s1 s2]
T
selected from any signal constellation S, with average transmit power per
symbol Ps, where [:]T denotes vector transpose. During the rst time slot,
the received signal vector yk at the kth relay is given by
yk = [yk1 yk2]
T =
p
Pshks+ vk (7.2.1)
where hk  CN (0; hk) is the zero-mean Rayleigh-fading channel coecient
for the source-kth relay link of variance hk and the noise vector of the
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kth relay vk has elements that are complex additive white Gaussian noise
(AWGN) of variance N0 where k = 1; :::;K.
During the second phase, all cognitive relays participate to assist the source
in conveying its information to the destination. If the cognitive relays employ
a TD basis, the information transmission requires 1 + K time slots to be
completed, where K is the total number of participant relays. So, in this
section, it is proposed that all cognitive relays participate according to a
STD protocol based on a closed-loop D-EO-STBC scheme as in [118] to
minimize the required transmission time to be two time slots. In this case,
the system can achieve the following advantages:
1. Completing the transmission process in a short time which is signi-
cant in the context of cognitive radio.
2. Minimizing the outage threshold which will reect on improving the
whole system outage performance.
3. Reducing the decoding delay which is required in real-time applica-
tions.
4. Reducing the cognitive transmit power which is essential to minimizing
the interference (as a result of using cooperative transmission: trans-
mit power savings can be provided due to path loss reduction and
spatial cooperative diversity gain).
Therefore, the cognitive relays construct the D-EO-STBC scheme from the
received signals, and then retransmit an amplied version to the destination
with average power of Pr where Pr = PsK . In fact, the cognitive relays can
only retransmit information if they are achieving the required conditions to
be able to use the spectrum through the spectrum sensing process, i.e. an
interweave cognitive approach is exploited. Therefore, in some cases, cogni-
tive relay(s) might not be able to help in relaying due to the unavailability
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of spectrum. So, with half-duplex AF relaying, the output signals X of the
relays are presented in the form of a matrix of dimension 2K as follows
X =  C (7.2.2)
where C is the coded structure of the D-EO-STBC scheme, for which K = 4,
and can be expressed as
C =
264y11 y21  y32  y42
y12 y22 y

31 y

41
375 (7.2.3)
and 2 is the relaying gain which can be presented as
2 =
1
K

1
Efjhkj2g+ (SNR0) 1

(7.2.4)
where SNR0 =
Ps
N0
is the SNR of each link without fading eects, Ef:g is
the statistical expectation value and j:j2 denotes the modulus squared of a
complex number.
The received signal vector r at the destination can be written as
r =
KX
k=1
fkX+w =
KX
k=1
fiC+w (7.2.5)
where fk  CN (0; fk) is the zero-mean Rayleigh-fading channel coecient
for the kth relay-destination link of variance fk and w is the destination
complex AWGN vector with elements of variance N0. Note that, all the
random variables hk and fk are statistically independent.
The received signal vector at the destination can be equivalently written as
r = 
p
PsH s+ n (7.2.6)
Section 7.2. Wireless Cognitive Relay Network Model 181
where H is the equivalent orthogonal complex channel, i.e.
HHH =
 
KX
k=1
jhkj2jfkj2 + K
!
I2 (7.2.7)
where (:)H denotes Hermitian transpose, I2 denotes the 22 identity matrix
and n is a zero-mean AWGN vector with elements of varianceN0(
2
PM
k=1jfkj2
+ 1).
With implementing a maximum-likelihood (ML) decoder at the destination,
the symbol vector s can be decoded in a simple way where the two sym-
bols in s are independently decomposed from one another. Therefore, the
instantaneous end-to-end SNR at the destination is readily expressed as
 = SNR0
0@2
PK
k=1jhkj2jfkj2

2
PK
k=1jfkj2 + 1
+
2K
2
PK
k=1jfkj2 + 1
1A (7.2.8)
where K is the feedback gain of a network with K = 4 relays as in [118]
taking into account that K = 0 if K  2.
In the high SNR regime,
  SNR0
0@
PK
k=1 jhkj2jfkj2

PK
k=1 jfkj2
+
KPK
k=1 jfkj2
1A (7.2.9)
To facilitate analysis, it is assumed that the second part of (7.2.9) is replaced
by its average value, i.e. G=E
n
KPK
k=1 jfkj2
o
 EfKg
EfPKk=1 jfkj2g . According to [134],
EfXg =  2m2 12 p2 m if X is the product of m independent Rayleigh
distributed random variables with variance 2 and this can be applied in
the case of calculating the average value of K , EfKg. On the other hand,
as
PK
k=1 jfkj2 is the summation of non-identical independent exponentially
distributed random variables each with expected value of fk , therefore,
the expected value of the sum can be readily obtained as EfPKk=1 jfkj2g =
Efjf1j2g+ :::+ EfjfK j2g.
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7.3 Outage Probability of Cognitive Relay Network Based on D-
EO-STBC Scheme
In this section, the outage probabilities for the proposed cooperative cog-
nitive relay networks are derived. Outage probability is an important per-
formance criterion of quasi-static systems. It is dened as the probability
that the instantaneous capacity is lower than the required spectral eciency
threshold. Therefore, the outage probability can be dened as
Pout = P(RK < R) (7.3.1)
where RK is the mutual information between the source and the destination
and R is the target (threshold) rate at the destination.
To obtain outage probability, calculating mutual information between the
source and the destination is required which is given by
RK =
1
2
log2(1 + ) (7.3.2)
where the factor 12 accounts for the fact that information is conveyed to
the destination over two time slots. It is clear that this factor is constant
and not dependent on the number of participant relays as compared with
systems based on TD protocol; and this as a result will reect on improving
the outage performance through minimizing the outage threshold. In outage
analysis, it is important to examine the statistical characteristic of  given
in (7.2.9) such as via its probability density function (PDF) and cumulative
distribution function (CDF). In fact, deriving these statistical characteristics
(PDF and CDF) from the exact SNR is dicult. So, for the sake of simplicity,
the upper-bound approximation is considered as follows
K  SNR0( K + G) (7.3.3)
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where
 K =
KX
k=1
k and k = min(jhkj2; jfkj2)
This approximation is adopted in many previous works [106] and [135] and
it is shown to be suciently tight.
Therefore, the mutual information at the destination becomes
RK =
1
2
log2
 
1 + SNR0
 
KX
k=1
k + G
!!
(7.3.4)
The SNR threshold at the destination can be then calculated as th =
22R 1
SNR0
  G. It is obvious that the SNR threshold of the proposed scheme
is much smaller as compared to that of the conventional TD scheme.
Since hk  CN (0; hk) where k = 1; :::;K, then jhkj2 obeys an exponen-
tial distribution with parameter 1=hk . Therefore, the PDF of jhkj2 can be
written as
phk (x) =
1
hk
exp

  x
hk

(7.3.5)
Similarly, the PDF of jfkj2 can be found.
When a single relay assists in the transmission, then  1 = 1. The CDF
of  1, F 1(), can be obtained as, taking into account that h1 and f1 are
statistically independent from each other,
F 1() = 1 
Z 1

ph1() d
Z 1

pf1() d = 1 e
 ( 1
h1
+ 1
f1
)
= 1 e 

1
(7.3.6)
where 11 =
1
h1
+ 1f1
.
7.3.1 Outage probability of D-Alamouti scheme
In this case, it is assumed that the number of available cognitive relays is
two. When both of the two relays in the AF system simultaneously transmit,
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then  2 = 1 + 2. Therefore, the CDF of  2 can be written as, taking into
account that K = 0 in the case of the D-Alamouti scheme, i.e. G = 0,
F 2() =
Z 
0
p 2(x)F 1(   x)dx (7.3.7)
Finally, the F 2(), after integrating (7.3.7) and simplifying the integral, can
be obtained as
F 2() =
1
1

1  e ( 12 )

  12

1  e ( 11 )

1
1
  12
(7.3.8)
Therefore, the outage probability can be expressed as
Pout(th) = F 2(th) (7.3.9)
where th =
22R 1
SNR0
.
7.3.2 Outage probability of D-EO-STBC scheme
In this case, it is assumed that four cognitive relays are available. When the
four relays transmit simultaneously, then  4 = 1 + 2 + 3 + 4. The CDF
of  4 can be written as,
F 4() =
Z 
0
p 4(x)F 3(   x)dx
(7.3.10)
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The expression of CDF is evaluated by integrating (7.3.10). By evaluating
(7.3.10), the nal expression can be expressed as
F 4() =
1
43(
1
1
  12 )
8<:
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!
e
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where 1k =
1
hk
+ 1fk
.
Similarly, the outage probability can be found using equation (7.3.9) where
th =
22R 1
SNR0
  G.
7.3.3 Outage expressions in the case of imperfect spectrum ac-
quisition scenario
In the above, the outage expressions are valid when the spectrum is always
available for the cognitive relays. However, in a realistic scenario, the spec-
trum is not always guaranteed (imperfect spectrum acquisition scenario). In
this case, the outage probability can be evaluated as
Pout(k) = P(Rk < R)P(k) (7.3.12)
where k is the number of cognitive relays that successfully acquire spectrum.
The probability P (k) is dependent on the average probability of detection,
Pd, and is given by
P(k) =

K
k

Pkd(1  Pd)K 1 (7.3.13)
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The average probability of detection, Pd, in a Rayleigh fading environment
[44] is given by
Pd = e
  
2
 2X
i=0
1
i!


2
i
+

1 + 

 1"
e
  
2(1+)  e  2
 2X
i=0
1
i!


2(1 + )
i#
(7.3.14)
where (:)! denotes the factorial operator,  is the threshold used for compar-
ison to make a decision if the primary signal is present or not,  is the time
bandwidth product and  is the average SNR.
7.4 Selection Cooperation Based on D-Alamouti Scheme
In the previous sections, the assumption was that all relays participate in
the second phase in a STD protocol based on a D-EO-STBC scheme. In
this section, it is proposed to implement a selection cooperation scheme
as in [106], [136] and [137]. So, the best two cognitive relays based on
their instantaneous channel gains are selected to forward information to the
destination. Therefore, the two relays can construct the D-Alamouti scheme
at the destination. So, based on full search over all values of jhkj2 and jfkj2,
the best two relays can be determined
kbest = argmax
k

minfjhkj2; jfkj2g
	
; k=1; :::;K
k2nd best= argmax
k

minfjhkj2; jfkj2g
	
; k=1; :::;K(k 6= kbest)
According to the optimal power allocation in [67], the source uses half of the
total power and the relay nodes equally share the other half. So, selecting
two relays out of K relays without changing their assigned powers will save
the power of the non-selecting relays. This available power can be used to
improve the outage performance of the system. In the following, the outage
analysis in case of exploiting this available power or not is provided.
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7.4.1 Selection cooperation without exploiting the available power
In this case, the mutual information of the selection cooperation scheme, i.e.
selects 2 out of K, is given by
RK =
1
2
log2 (1 + SNR0(best + 2nd best)) (7.4.1)
Therefore, the outage probability can be written as
P (best + 2nd best < th) (7.4.2)
where th =
22R 1
SNR0
. According to [138], if X and Y are exponential dis-
tributed random variables with parameters x and y, respectively, and
X + Y  Z, provided that X  Y  0, therefore the CDF of Z can be
expressed as
FZ(z) =
Z z
2
0
Z z y
y
fX ;Y(x; y) dx dy (7.4.3)
where
fX ;Y(x; y) = K(K   1)(FY(y))K 2fX (x)fY(y) (7.4.4)
Therefore, the outage probability of selection cooperation can be expressed
as
Pout(th) = FZ(th) (7.4.5)
As explained in Section 7.3.3, the outage probability calculation for selection
cooperation under imperfect spectrum acquisition is straightforward. In the
following, the CDF expression of selecting two out of four and two out of
three, respectively, will be presented.
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The CDF expression for selecting two out of four
FZ(z)=
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where x and y are the parameters for the best and second best source-
relay-destination links, respectively.
The CDF expression for selecting two out of three
FZ(z)=
6
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0B@1  e ( 1y+ 1x ) z21
y
+ 1x
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7.4.2 Selection cooperation with exploiting the available power
In this case, the available power is equally divided between the two selected
relays, i.e. the resultant new relay power, Pc, at each relay will be Pc =
(1 + K 22 )Pr. Hence, the mutual information of the selection cooperation
scheme, i.e. selects 2 out of K, is given by
RK=
1
2
log2

1+

1+
K 2
2

SNR0(best+2nd best)

(7.4.8)
Section 7.5. Sharing Spectrum under Cooperative Cognitive Relay Network 189
Therefore, the outage probability can be written as
P (best + 2nd best < th) (7.4.9)
where th =
22R 1
(1+K 2
2
)SNR0
.
It is clear that the eect of exploiting the available power is in minimizing
the outage threshold which consequently leads to improvement in the outage
performance of the system. Therefore, the CDF expressions of selecting two
out of four and selecting two out of three are still the same as in the case of
not exploiting the available power.
7.5 Sharing Spectrum under Cooperative Cognitive Relay Net-
work
Secondary (cognitive) transmission data rate can be increased through shar-
ing spectrum opportunistically or concurrently with primary users while the
the primary transmission robustness can be enhanced through exploiting the
available concurrent cognitive users to cooperatively relay the primary trac
towards the intended destination, especially when there is no direct primary
communication path. The primary and cognitive transmissions that repre-
sent the above situation can be realized in the network shown in Fig. 7.2. In
this network, it is assumed that the cognitive users work as relays between
the primary source and primary destination where four cognitive relays are
used. Also, it is assumed that there is no direct path between the primary
source and the primary destination due to heavy fade or shadowing eects.
Therefore, the transmission process for the primary user requires an assis-
tance of cognitive users. All nodes in this network are equipped with only one
antenna and implement half-duplex mode. Thus, the primary information
signals need two phases to arrive at the primary destination which are the
broadcasting phase and relaying phase. Furthermore, there is the possibility
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Figure 7.2. Wireless cognitive relay system where primary and cog-
nitive transmissions occur opportunistically or simultaneously.
for cognitive (secondary) transmission between the cognitive relays R4 and
R1 where R4 is assumed to be the cognitive source and R1 is assumed to be
the cognitive destination. The cognitive user can either access the licensed
spectrum opportunistically based on the interweave cognitive approach or
concurrently with the primary user based on the overlay cognitive approach.
However, the two dierent scenarios will be presented in the following two
subsections.
Denote the fading coecients from the primary source to the kth cognitive
relay as hk and from the kth cognitive relay to the primary destination as
fk, for k = 1; 2; 3; 4, while denote the fading coecients from the cognitive
source R4 to the other cognitive relays as gk, for k = 1; 2; 3. All the channels
are assumed to be zero-mean quasi-static at Rayleigh fading with variance
of ak where ak 2 fhk; fk; gkg.
7.5.1 Transmission scenario based on interweave approach
In this scenario, the cognitive (secondary) user can send its own information
signals towards its intended destination opportunistically using the avail-
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able white holes in the licensed frequency spectrum. In other words, the
cognitive user is allowed to transmit only when the licensed spectrum is free
from primary users through employing interweave cognitive approach. For
applying this concept on the considered cognitive relay network shown in
Fig. 7.2, the cognitive source R4 sends its own information to the cognitive
destination R1 using the licensed spectrum during the periods where the
primary user is not transmitting. In this case, it is assumed that there is no
detection error. On the other hand, the primary user can utilize cognitive
users as cooperative relays during its transmitting periods in a similar way
as described in [118] while the cognitive user can implement either single-
input single-output (SISO) communication or cooperative communication
using the other remaining relays assistance. In fact, it is dicult in practice
to adopt this scenario over wide area and time because the perfect spec-
trum acquisition might be not available and the detection process might be
false. The system performance for this scenario can be evaluated in terms
of outage probability and in terms of bit error rate (BER). The outage per-
formance of the primary transmission can be found similarly as explained
in the previous section for perfect spectrum acquisition scenario. Thus, the
outage probability can be expressed as
Pout(th) =
1
43(
1
1
  12)
8><>:
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where 1k =
1
hk
+ 1fk
.
Also, the BER performance of primary transmission in this scenario is the
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same as that introduced in [118] so there is no need to repeat the analysis
of BER performance of this scenario.
7.5.2 Transmission scenario based on overlay approach
In this scenario, the cognitive user can transmit simultaneously with primary
user using the same spectrum where the cognitive user employs the overlay
sharing spectrum approach. To realize this concept on the considered cog-
nitive relay network shown in Fig. 7.2, the cognitive source R4 transmits its
own information towards the cognitive destination R1 simultaneously with
the primary source where the cognitive source R4 and the cognitive destina-
tion R1 are assumed in full-duplex mode which make them able to transmit
and receive simultaneously. At the same time, the four cognitive relays can
receive the primary source information signals and forward them towards
the primary destination as shown in Fig. 7.2. So, in the broadcasting phase,
the primary source broadcasts its information symbols sp = [sp1 sp2]
T to
the cognitive relays and simultaneously the cognitive user R4 transmits its
information symbols sc = [sc1 sc2]
T towards the remaining cognitive relays
and the primary destination. As a result, the received signals at a cognitive
relay k, yk, and at the primary destination, yd, during two symbol durations
can be written as
yk =[yk1 yk2]
T=
p
Pp[sp1 sp2]
Thk+
p
Pc[sc1 sc2]
Tgk+[vk1 vk2]
T for k=1; 2; 3
y4 = [y41 y42]
T =
p
Pp[sp1 sp2]
Th4 + [v41 v42]
T
yd = [yd1 yd2]
T =
p
Pc[sc1 sc2]
T f4 + [vd1 vd2]
T (7.5.2)
where Pp denotes the transmit power at the primary source and Pc denotes
the transmit power at the cognitive source R4 while all the channels hk; fk
and gk are assumed to be zero-mean quasi-static at Rayleigh fading with
unit variance and vkj and vdj are the corresponding zero mean AWGN at
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relay node k and the primary destination, respectively, with zero-mean and
unit-variance where j = 1; 2.
The mean power of the signal ykj at a cognitive relay k, for k = 1; 2; 3 is
Pp + Pc + 1 due to the unit variance assumption of the fading channel from
the primary source to the kth cognitive relay, hk, and the additive noise,
vkj , at a cognitive relay in (7.5.2). However, the mean power of the signal
y4j at the cognitive relay R4 is Pp+1. The power allocation for the primary
source and cognitive relays adopts the following relation
Pc =
Pp
K
(7.5.3)
where K is the total number of the relay nodes and in this case K = 4.
The relaying mode of AF type is assumed. Also, the four cognitive relay
nodes apply the closed-loop D-EO-STBC scheme described in [118] to exploit
the cooperative diversity. Therefore, the cognitive relays will process the
received noisy signals according to Table 7.1 before forwarding them towards
the primary destination. The transmitted signals from the second and third
cognitive relays are multiplied by u1 and u2, respectively, while the remaining
two relays are kept unchanged, where u1 and u2 are the weighted feedback
values which can be calculated using the following equations.
u1 = e
j1 and u2 = e
j2 (7.5.4)
Based on the performance analysis which will presented later, the phase
rotations, 1 and 2, can be found using the following proposed criteria
1 =  \(h1f1h2f2) and 2 =  \(h3f3h4f4 ) (7.5.5)
where the operation \(:) is the angle value.
As a result, the two received signals, yd3 and yd4, at the primary destination
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Table 7.1. Closed-loop D-EO-STBC scheme over cognitive relays for
primary transmission
Relay Nodes
Symbol duration R1 R2 R3 R4
Symbol 1 y11 u1y21  u2y32  y42
Symbol 2 y12 u1y22 u2y

31 y

41
during the relaying phase over two symbol duration can be expressed as
yd3 = 1y11f1 + 1u1y21f2   1u2y32f3   2y42f4 + vd3
=3(h1f1+u1h2f2)sp1 3(u2h3f3+4h4f4)sp2+4(g1f1+u1g2f2)sc1
 4sc2u2g3f3 + 1(f1v11 + f2v21)  1(f3v32 + 5f4v42) + vd3
yd4 = 1y12f1 + 1u1y22f2 + 1u2y

31f3 + 2y

41f4 + vd4
=3(h1f1+u1h2f2)sp2+3(u2h

3f3+4h

4f4)s

p1+4(g1f1+u1g2f2)sc2
+4u2s

c1g

3f3 + 1(f1v12 + f2v22) + 1(f3v

31 + 5f4v

41) + vd4
(7.5.6)
where 1 =
q
Pc
Pp+Pc+1
, 2 =
q
Pc
Pp+1
, 3 =
q
PcPp
Pp+Pc+1
, 4 =
q
PcPc
Pp+Pc+1
and
5 =
q
Pp+Pc+1
Pp+1
.
Thus, the received signals at the primary destination over the whole trans-
mission, yd1, yd2, yd3 and yd4, conjugated for convenience, can be expressed
as
266666664
yd1
yd2
yd3
yd4
377777775
=
p
Pc
266666664
f4 0 0 0
0 f4 0 0
a1  a2 a3  a4
a2 a1 a4 a3
377777775
266666664
sc1
sc2
sp1
sp2
377777775
+
266666664
vd1
vd2
v^d3
v^d4
377777775
(7.5.7)
where a1 = 1(g1f1 + u1g2f2), a2 = 1u2g

3f3, a3 = 6(h1f1 + u1h2f2),
a4 = 6(u2h

3f3 + 5h

4f4) and 6 =
q
Pp
Pp+Pc+1
. The related noises v^d3 =
(1f1v11 + 1u1f2v21)   1u2f3v32   2f4v42 + vd3 and v^d4 = 1f1v12 +
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1u1f2v22 + 1u2f3v

31 + 2f4v

41 + vd4.
As observed, the received signals are corrupted by interference from the
cognitive users. To cancel out this interference completely, the received
signals therefore should be multiplied by the following proposed 24 matrix,
Zp.
Zp =
264  a1 a2 f4 0
 a2  a1 0 f4
375 (7.5.8)
The resultant two signals, r1 and r2, after multiplying the received signals
by the matrix Zp will be
264 r1
r2
375 =
264 0 0 f4a3  f4a4
0 0 f4a

4 f4a

3
375
266666664
sc1
sc2
sp1
sp2
377777775
+
264 n1
n2
375 (7.5.9)
where n1 =  a1vd1 + a2vd2 + f4 v^d3 and n2 =  a2vd1   a1vd2 + f4v^d4.
It is clear that the cognitive signals sc1 and sc2 have been totally eliminated.
Therefore, the primary destination can receive the primary signals with no
interference from the cognitive user.
264r1
r2
375=3
264 f4 (h1f1 + u1h2f2)  f4 (u2h3f3 + 4h4f4)
f4(u

2h3f

3 + 4h4f

4 ) f4(h1f1 + u1h2f2)

375
| {z }
Hp
264sp1
sp2
375+
264n1
n2
375
(7.5.10)
Finally, the primary information symbols can be decoded using matched
ltering with the primary equivalent channel matrix Hp as follows
264 ~sp1
~sp2
375 = 3HHp Hp
264 sp1
sp2
375+HHp
264 n1
n2
375 (7.5.11)
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The channel gain, p, therefore can be found from the diagonal Gramian
matrix, G = HHp Hp, such that
p = p + p
p = jf4j2(jh1j2jf1j2 + ju1j2jh2j2jf2j2 + ju2j2jh3j2jf3j2 + jh4j2jf4j2)
p = jf4j2(2Refh1f1u1h2f2g+ 2Refu2h3f3h4f4 g)
where p is the cooperative diversity gain and p is the array gain of the
system while the operator j:j2 denotes the modulus squared of a complex
number and Ref:g its real part taking into account that ju1j2 = ju2j2 = 1.
On the other hand, the cognitive information symbols, [sc1 sc2], can be
extracted at the cognitive destination R1 using the same steps as followed at
the primary destination. Hence, the two received signals, y13 and y14, at the
cognitive destination R1 during the relaying phase over two symbol duration
can be expressed as
y13 =  2
p
Pps

p2h

4g1   2g1v42 + v13
y14 = 2
p
Pps

p1h

4g1 + 2g1v

41 + v14 (7.5.12)
Thus, the received signals at the cognitive destination R1 over the whole
transmission, y11, y12, y13 and y14, conjugated for convenience, can be gath-
ered as
266666664
y11
y12
y13
y14
377777775
=
266666664
p
Pcg1 0
p
Pph1 0
0
p
Pcg1 0
p
Pph1
0 0 0  
q
PcPp
Pp+1
h4g

1
0 0
q
PcPp
Pp+1
h4g

1 0
377777775
266666664
sc1
sc2
sp1
sp2
377777775
+
266666664
v11
v12
v^13
v^14
377777775
(7.5.13)
where v^13 =  
q
Pc
Pp+1
v42g

1 + v

13 and v^14 =
q
Pc
Pp+1
v41g

1 + v

14.
After that, the received signals at R1 should be multiplied by the following
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proposed matrix, Zc to be able to extract the cognitive information symbols.
Zs =
264
q
PcPp
Pp+1
h4g

1 0 0  
p
Pph1
0
q
PcPp
Pp+1
h4g

1  
p
Pph1 0
375 (7.5.14)
Multiplying the received signals by the matrix Zc will result in the following
two signals, q1 and q2, at the cognitive destination
264 q1
q2
375 =
264
q
P 2c Pp
Pp+1
h4g

1g1 0 0 0
0
q
P 2c Pp
Pp+1
h4g

1g1 0 0
375
266666664
sc1
sc2
sp1
sp2
377777775
+
264 w1
w2
375
(7.5.15)
where w1 =
q
PcPp
Pp+1
h4g

1v11 
p
Pph1v^14 and w2 =
q
PcPp
Pp+1
h4g

1v12 
p
Pph1v^13.
As a result, the cognitive destination can receive the cognitive signals with
no interference from the primary user. Thus,
264 q1
q2
375 =
s
P 2c Pp
Pp + 1
264 h4g1g1 0
0 h4g

1g1
375
| {z }
Hc
264 sc1
sc2
375+
264 w1
w2
375 (7.5.16)
Finally, the information symbols can be decoded using matched ltering with
the cognitive equivalent channel matrix Hc as follows264 ~sc1
~sc2
375 =
s
P 2c Pp
Pp + 1
HHc Hc
264sc1
sc2
375+HHc
264w1
w2
375 (7.5.17)
The channel gain for cognitive communication c therefore can be found
from the diagonal Gramian matrix, Gc = H
H
c Hc, such that
c = jg1j2jh4j2
Section 7.6. Simulation Results 198
7.6 Simulation Results
In this section, simulation results are presented to support the considered
system analyses. All curves shown in Figs. 7.3-7.11 correspond to h1=1:20,
f1 = 0:35 h2 = 1:40, f2 = 0:40, h3 = 1:60, f3 = 0:45, h4 = 1:75 and
f4 = 0:70. In the simulations, the chosen target rate is R = 1 bit/sec/Hz
and with setting G = 0 for simplicity. In Fig. 7.3, the outage probability
of the proposed D-EO-STBC cognitive relay scheme for dierent number
of relays, varying from one to four, with assumption of perfect spectrum
acquisition is illustrated. Clearly, implementing more relays decreases the
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Figure 7.3. Outage probability for the proposed D-EO-STBC scheme
versus SNR in dB (perfect spectrum acquisition).
probability of outage. The same result is deduced in the case of using selec-
tion cooperation as shown in Fig. 7.4. However, the outage performance of
the selection cooperation with exploiting the available power at the relays is
substantially better than that without changing the relaying power. For ex-
ample, at an outage probability of 10 4, the proposed selection cooperation
scheme over three and four relays with exploiting the available power both
provide approximately 3 dB improvement, respectively, over the proposed
selection cooperation scheme without changing the relaying power. In Fig.
7.5, the outage performance comparison between the proposed D-EO-STBC
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Figure 7.4. Outage probability for the proposed D-EO-STBC scheme
based on selection cooperation versus SNR in dB (perfect spectrum
acquisition).
cognitive relay network and the conventional TD cognitive relay network for
two and four relays is shown. The results conrm that the proposed scheme
signicantly improves the outage performance over the conventional scheme.
For example, at an outage probability of 10 4, the proposed scheme for two
and four relays provides approximately 10 dB and 3.7 dB improvements, re-
spectively, over the conventional scheme. This improvement is because in the
proposed scheme the outage threshold is much smaller as compared with that
in the conventional TD scheme. On the other hand, a comparison between
the proposed scheme when all cognitive relays participate in transmission
and the proposed scheme based on selection cooperation when only the best
two relays participate in transmission is provided as shown in Fig. 7.6. It
is obvious that there is signicant improvement in outage performance in
the case of using the best two cognitive relays with exploiting the available
relaying power as compared to the proposed scheme without selection while
there is little degradation in outage performance in the case of using the
best two cognitive relays without changing the relaying power. For example,
at an outage probability of 10 4, the proposed scheme based on selection
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Figure 7.5. Outage performance comparison between the proposed
D-EO-STBC scheme and the conventional TD scheme.
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Figure 7.6. Comparison of outage performance of the proposed D-
EO-STBC scheme with the proposed scheme based on selection coop-
eration.
cooperation over four relays provides approximately 1.7 dB improvement,
respectively, in the case of exploiting the available power while providing
approximately 1.3 dB degradation in the case of not changing the relay-
ing power as compared to the proposed scheme without selection. Figs.
7.7-7.10 show the outage probability of the two proposed schemes with and
without selection cooperation when spectrum acquisition is imperfect, i.e.
Pd < 1. Clearly, the outage performance of both schemes is degraded when
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Figure 7.7. Outage probability for the proposed scheme when the
spectrum acquisition is imperfect and K=4 relays.
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Figure 7.8. Outage probability for the proposed scheme based on
selection cooperation when the spectrum acquisition is imperfect and
K=4 relays.
the cognitive relays are likely to be unable to obtain spectrum. In general, it
is observed that when the number of active relays increases, the probability
of outage decreases. This is due to that increasing the number of relays
leads to growth in the number of relays that are able to obtain spectrum.
On the other hand, it is noticeable from these gures that the scheme im-
plementing the best two cognitive relays out of the available four exploiting
the available relaying power provides the best behavior as compared to the
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Figure 7.9. Outage probability for the proposed scheme based on se-
lection cooperation with exploiting the available power when the spec-
trum acquisition is imperfect and K=4 relays.
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Figure 7.10. Outage probability for the proposed scheme when the
spectrum acquisition is imperfect and K=2 relays.
others whether the spectrum acquisition is guaranteed or not always guaran-
teed. In Fig. 7.11 a comparison between the proposed two schemes with and
without selection cooperation when four relays are available and Pd = 0:85
is depicted. As shown, the proposed selection cooperation scheme when the
relaying power does not change has little degradation of outage performance
at the low and medium SNR regimes with respect to the proposed scheme
without selection while achieving the same outage performance in the high
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Figure 7.11. Comparison of the outage performance when Pd = 0:85.
SNR regime. On the other hand, the proposed selection cooperation scheme
in the case of exploiting the available relaying power potentially outperforms
the other two schemes for all SNR regimes.
Generally speaking, network design is based on the nature of the envi-
ronment and the practical measurements can choose the most proper scheme
to implement in a particular network.
7.7 Summary
In this chapter, a cooperative communications system based on the D-EO-
STBC scheme was proposed in which transmission information is dependant
on several AF type cognitive relays. The cognitive relays opportunistically
access spectrum of the primary user to participate in transmitting informa-
tion to the destination. Therefore, the system performance depends heavily
on the spectrum acquisition of the cognitive relays. The performance of
the system in terms of outage probability was evaluated and showed that
the proposed scheme signicantly outperforms the conventional TD schemes.
However, it was found that the outage performance of the system degrades
signicantly when the spectrum acquisition is imperfect. The outage prob-
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ability expressions were derived for both perfect and imperfect spectrum
acquisition. The eectiveness of the derived outage expressions has been
validated through simulations. On the other hand, the situation that the
cognitive (secondary) user can transmit its own information in addition to
relaying the primary user trac was investigated. In fact, the performance
of primary and cognitive transmissions were studied through two dierent
scenarios where the cognitive user is allowed to opportunistically or concur-
rently access the spectrum allocated to the primary user. In both scenarios,
the primary user enjoys a reliable transmission by exploiting the coopera-
tive diversity among AF type cognitive relays while the cognitive user enjoys
sharing spectrum to transmit its own information and maximize its data
throughput. Finally, sharing spectrum with cooperative transmission will
potentially improve the spectrum utilization and provide an eective reli-
able transmission which make the proposed schemes very attractive to cope
with the spectrum scarcity and fading problems.
Chapter 8
SUMMARY, CONCLUSION
AND FUTURE WORK
Explosive growth in wireless systems and applications has created a huge
demand for reliable wireless technologies that promise high transmission
robustness and data rate and eectively exploit the available resources. One
of the new wireless communications paradigm that has drawn much attention
from researchers in the last decade is a cooperative relay network. This new
technology has the potential to enable eective solutions for dierent wireless
challenging problems. Specically, it is a promising approach for improving
the range, system reliability and transmission data rate without the need
for multiple antennas at individual nodes. More specically, it is desirable
for systems where it may not be practical or even feasible due to equipment
size and cost to employ multiple antenna array elements on the nodes.
In particular, in this thesis it has been shown through the proposed dis-
tributed extended orthogonal space-time block coding (D-EO-STBC) scheme
that worthwhile gains can be achieved in cooperative relay networks for dif-
ferent wireless challenges and scenarios. In this chapter, the contributions
of this thesis will be summarized and concluded. Also, the potential open
research directions are suggested and discussed.
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8.1 Summary and Conclusions
This thesis focuses on cooperative communication via the proposed D-EO-
STBC scheme as an eective cooperative diversity scheme that can fully
exploit the benet of diversity gains among a collection of single-antenna
relays. In particular, this scheme can achieve full cooperative diversity and
full rate in addition to array gain using a very low-complexity linear decoder
at the destination. This scheme is based on a limited feedback channel so
low-complexity partial feedback approaches have been proposed to make the
proposed D-EO-STBC scheme more practical and feasible. Throughout this
thesis, dierent network scenarios and challenges have been investigated and
eectively addressed. To further enhance the system performance, eective
relay selection approaches have been proposed. Finally, the proposed scheme
has been applied over a cognitive radio application which results in signicant
performance improvements in the primary and secondary transmissions. In
the following, the summary and conclusion for each chapter will be presented.
In Chapter 1, a general introduction to cooperative relay systems in-
cluding the basic concept, system features and network architectures was
provided. In addition, a brief introduction to cognitive radio systems was
presented highlighting the main functions of cognitive radio and the feature
of the cooperative cognitive networks. Finally, the outline of the thesis was
briey discussed. In Chapter 2, a historical background and literature survey
of distributed space-time block coding (D-EO-STBC) summarizing the main
challenges and the solutions that were introduced in the literature. This cov-
ered the works in the perfect and imperfect synchronization scenarios as well
as in the at and frequency-selective fading channel scenarios. Additionally,
the literature survey included the latest works on cooperative cognitive relay
networks. On the other hand, the distributed Alamouti (D-Alamouti) work
for cooperative relay networks was studied and evaluated as the simplest
Section 8.1. Summary and Conclusions 207
and most attractive example in this eld. Finally, an orthogonal frequency
division multiplexing (OFDM) precoding transmission in the context of co-
operative communication was also presented briey in this chapter clarifying
the basic concept of OFDM and its implementation.
In Chapter 3, a D-EO-STBC transmission technique in a wireless amplify-
and forward (AF) type relay system was proposed for four cooperative relays.
The proposed scheme can be relaxed to employ over three cooperative relays.
The important concept within the D-EO-STBC scheme is the orthogonality
of the scheme code, which results in reduced computational complexity and
leads to a very simple symbol-wise maximum-likelihood (ML) decoder. In
fact, the closed-loop D-EO-STBC scheme achieves full data rate in each hop
and full diversity at the same time for complex digital communication signals
in addition to array gain. In particular, the performance of the D-EO-STBC
cooperative diversity scheme in terms of cooperative diversity gain and the
end-to-end bit error rate (BER) have been studied over four relay nodes
and compared with the BER performance of the D-Alamouti and the dis-
tributed orthogonal STBC (D-OSTBC) schemes for perfect synchronization
and at Rayleigh fading. The main conclusion is that the closed-loop D-
EO-STBC scheme over four cooperative relays provides twice the diversity
order as that for the D-Alamouti scheme without increasing the transmit
power, the channel bandwidth or the decoder complexity. With respect to
the other orthogonal cooperative diversity schemes for the same number of
relay nodes, the proposed closed-loop D-EO-STBC scheme and the previous
D-OSTBC scheme can achieve the same cooperative diversity order which is
equal to four. However, the closed-loop D-EO-STBC scheme provides array
gain which is not available in the D-Alamouti and D-OSTBC schemes. In
terms of the end-to-end BER, simulations showed that the D-EO-STBC pro-
vides better performance than the D-Alamouti and the D-OSTBC schemes
when both the open-loop and closed-loop operations were employed. For
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example, at BER of 10 4, the proposed open-loop scheme achieved improve-
ments of approximately 3.5 dB gain over the D-Alamouti scheme and 19
dB gain over D-OSTBC. Furthermore, the closed-loop D-EO-STBC scheme
has an advantage over the D-OSTBC scheme in terms of decoding delay,
where the proposed scheme requires less time than the D-OSTBC scheme to
complete the whole transmission thereby extracting the information faster.
In rapid varying channel environments and real-time implementations, it
is preferable to employ lower decoding delay systems. In terms of data
rate, the D-EO-STBC scheme provides the same data rate as that of the
D-Alamouti scheme and outperforms the D-OSTBC scheme, where the D-
EO-STBC scheme achieves unity data rate for each hop while the D-OSTBC
scheme achieves unity data rate for the rst hop and 3/4 data rate for the
second hop. These results are very encouraging since the total transmission
power is the same and the information symbols being decoded separately
in a very simple manner at the receiver. The end-to-end BER performance
of the D-EO-STBC scheme over three relay nodes was studied and com-
pared with the BER performance of the the D-Alamouti scheme and the
D-OSTBC over three relays scheme. The proposed closed-loop D-EO-STBC
scheme provided for example approximately 7 dB and 24 dB at BER of 10 4
improvements as compared to the D-Alamouti and D-OSTBC schemes, re-
spectively. On the other hand, the proposed closed-loop scheme has been
studied through three proposed promising partial feedback schemes, one-bit
feedback scheme, exact phase feedback scheme and quantized phase feedback
scheme, where all of them can achieve full diversity and array gain thereby
they provide better end-to-end BER performance than the open-loop scheme
for the whole transmit power range. However, the three feedback schemes
are dierent in the amount of achieved array gain where the achievable array
gain by the exact phase feedback scheme is the largest but at the expense of
a very large number of feedback bits. From practical viewpoint, the quan-
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tized phase feedback scheme is more suitable due to its ability to retain the
advantage of the exact phase feedback scheme with substantial reduction
in feedback overhead. For example, at BER of 10 4, the 2-bit quantized
phase feedback provided approximately 0.6 dB gain improvement over that
of the one-bit feedback scheme and approximately 0.1 dB gain reduction as
compared to the exact phase feedback scheme.
Chapter 4 focused on the synchronization issue in a wireless coopera-
tive relay network. In this chapter, robust schemes over four cooperative
relays based on the closed-loop D-EO-STBC scheme for both frequency-at
and frequency-selective fading channels were proposed considering the asyn-
chronization problem. These schemes exploited cooperative communication
OFDM-based transmission to mitigate timing errors between relay nodes.
In particular, the proposed AF type schemes implement an OFDM type
precoding technique with cyclic prex only at the source node for the at
fading channel scenario while also at two particular relays for the frequency-
selective channel scenario. The proposed scheme for each scenario was stud-
ied through two proposed feedback approaches. In the at fading channel
scenario, the proposed partial feedback schemes can achieve full diversity in
addition to array gain where the dierence is in the amount of achieved array
gain. In fact, the proposed sub-carrier quantized phase linear interpolation
considering discontinuity (SCQPLI-CDC) feedback scheme can retain the
same performance of exact phase feedback scheme with substantial reduction
in the feedback overhead bandwidth. For example, at BER of 10 4, the exact
phase feedback scheme required 20.1 dB while the low-rate SCQPLI-CDC
(12-bits/feedback link), the 64-bits/feedback link and 128-bits/feedback link
schemes required 20.15 dB, 20.25 dB and 21 dB, respectively. Therefore, the
low-rate SCQLPI-CDC scheme exhibits very little degradation in BER per-
formance as compared to the exact phase feedback scheme while achieving
both better BER performance and a substantial reduction in the feedback
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overhead as compared to the 64-bits and 128-bits feedback schemes, i.e. a
saving of 90.6% as compared with 128-bits feedback scheme.
In the frequency-selective fading channel scenario, the group quantization
feedback schemes can achieve high performance with high reduction in the
feedback channel bandwidth. They always provided better performance than
that of the open-loop scheme. For example, at BER of 10 4, a xed group
feedback scheme with total feedback overhead of 16 bits/feedback link (2-
bits/group) provided approximately 1.25 dB improvement as compared with
the system without using feedback. On the other hand, a comparison of
the proposed asynchronous closed-loop D-EO-STBC schemes with previous
schemes for at and frequency-selective Rayleigh fading channels was pro-
vided. The simulation results conrmed that the proposed schemes over four
relays signicantly improve the end-to-end BER performance over the pre-
vious schemes which are designed for two relays or four relays. The achieved
improvements are because in the proposed schemes the limited feedback was
exploited to maximize the channel gain so there is full cooperative diversity
gain of order four and array gain while the other scheme only achieved full
diversity of order equal to the number of deployed relay nodes without array
gain. For example, at BER of 10 4, the proposed asynchronous narrow-
band scheme provided approximately 2 dB and 10 dB gain improvements
as compared to the closed-loop quasi-orthogonal STBC scheme [82] for four
relays and the AF D-Alamouti-OFDM scheme [81] for two relays in the case
of at fading scenario while the proposed asynchronous broadband scheme
provided approximately 10 dB gain improvement as compared to the AF D-
Alamouti-OFDM scheme [21] for two relays in the case of frequency-selective
fading scenario.
At the end of this chapter, a two-way scenario was investigated and an ex-
tended version of closed-loop D-EO-STBC scheme was proposed which can
achieve full diversity and array gain at each terminal. Also, an increased
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data rate was achieved as compared to a one-way D-EO-STBC scheme sce-
nario. On the other hand, simulation results for the proposed asynchronous
D-EO-STBC scheme three-time slot framework was shown which presented
clearly its performance and claried the BER performance improvement as
compared with the previous asynchronous OSTBC scheme developed for four
relay nodes in [90]. For example, at BER of 10 4, the proposed scheme pro-
vided approximately 0.7 dB improvement which means the proposed scheme
adds more robustness for the transmission link.
However, the main conclusion of this chapter is that the closed-loop D-EO-
STBC scheme with OFDM type precoding can eectively mitigate timing
errors between relay nodes and channel fading eects in addition to achieving
full cooperative diversity and array gain with potential reduction in feedback
overhead bandwidth.
Chapter 5 provided a solution based on relay selection techniques to
further enhance the system performance of the cooperative relay networks.
The system complexity and the limited bandwidth may become a hindrance
to exploit all available cooperative relay nodes. Also, heavy faded paths
may reduce the overall system performance to be below a satisfactory level.
To avoid these issues, some of the relay nodes should be dropped from the
network. Hence, this chapter proposed relay selection approaches based on
D-STBC schemes to select the best relay routes between the source and
destination nodes and then apply the D-STBC scheme over the selected
relays. In particular, two relay selection approaches, which are one-group
and two-group approaches, based on the closed-loop D-EO-STBC and D-
Alamouti schemes, respectively, with three level power adaptation were pro-
posed. Three dierent scenarios based on one-group selection approach were
provided. The system performance in terms of pairwise error probability
(PEP) and the end-to-end BER were studied. Both of them conrmed that
the two relay selection approaches can provide better system performance
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as compared with the original open-loop network. Specically, the two se-
lection approaches reduced the PEP values as compared to the open-loop
D-EO-STBC scheme which results in enhancing the overall performance
of the wireless relay system. Simulation results were presented to show
the BER performance enhancement of the proposed selection approaches
over at and frequency-selective channels. For example, at BER of 10 4 in
the case of at fading channels, the proposed one-group approach provided
approximately 7.6 dB and 0.9 dB gain improvements over the open-loop
D-EO-STBC and closed-loop D-EO-STBC schemes, respectively, while the
proposed two-groups approach provided approximately 5.8 dB gain improve-
ment over the open-loop D-EO-STBC scheme and a little degradation of 0.9
dB as compared with the closed-loop D-EO-STBC scheme. In the case
of frequency-selective channels, similar results as in the case of at fading
channels were attained. However, the relay selection approach based on the
closed-loop D-EO-STBC achieved better overall system performance than
that of the approach based on the D-Alamouti code, but this provided a
lower system complexity. The main conclusion is the available relay nodes
can be fully exploited even if there are constraints on the system bandwidth
or design by exploiting the relay selection approaches.
In Chapter 6, a generalized approach for the closed-loop D-EO-STBC
scheme to employ over any arbitrary number of relay nodes was proposed.
In this approach, the correlations introduced between the nodal channels are
totally resolved by applying one-bit partial feedback which results in achiev-
ing at least full cooperative diversity. To further performance improvement,
an optimal one-bit partial feedback scheme and relay selection scheme was
proposed. In fact, the optimal feedback scheme can achieve the best system
performance due to its ability to achieve the highest amount of array gain
in addition to full cooperative diversity. For example, the optimal one-bit
partial feedback scheme for a wireless network with R=8 relay nodes added
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approximately 1.3 dB gain over the one-bit partial feedback scheme at the
end-to-end BER of 10 4. In terms of diversity order, the generalized closed-
loop D-EO-STBC approach with more relay nodes gave extra cooperative
diversity in the order of the number of the deployed relay nodes which posi-
tively reects on the end-to-end BER performance as simulation results were
conrmed. For example, a transition from R = 4 to R = 8 leads to a per-
formance improvement greater than 4.25 dB for BER=10 4. Moreover, the
powerful property of the generalized approach is that the increase in diver-
sity order is not at the expense of increased decoding delay as in previous
schemes [49], [69] where the obtained decoding delay is xed to two time
slots each corresponding to two symbol intervals.
The synchronization problem among relay nodes was also discussed and ad-
dressed in two dierent fading channel assumptions which are at fading
channels and frequency-selective fading channels. The generalized approach
combined with the OFDM type precoding can resolve the asynchronization
eects and the fading problems in addition to obtaining at least full coop-
erative diversity. Numerical simulation results for the generalized approach
based on closed-loop D-EO-STBC schemes were presented to illustrate the
end-to-end BER performance of the proposed schemes over fading channels,
in the presence of synchronization errors and dierent network scenarios.
Based on these results, the generalized approach for the case of imperfect
synchronization and frequency-selective channels can attain the same BER
results as in the case of perfect synchronization and at fading channels
which means that the asynchronous version of the generalized approach can
completely combat the timing errors eect and the multipath fading problem
on the test environment.
The main conclusion is the ability to relax the closed-loop D-EO-STBC
scheme to employ them over any arbitrary number of relay nodes where the
cooperative spatial diversity among the single-antenna relay nodes can fully
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be exploited.
Chapter 7 provided cooperation transmission based on the closed-loop
D-EO-STBC scheme in the context of cognitive radio where the relay nodes
are equipped with cognitive radios. By enabling a set of cognitive relay nodes
to forward the received information based on the closed-loop D-EO-STBC
scheme, the performance advantages achievable from using the D-EO-STBC
can be realized and the spectrum utilization can be signicantly improved.
Two dierent cooperative transmission scenarios were considered and eval-
uated. In the rst scenario, the cognitive users can only relay the trac
of another cognitive user or primary user to its intended destination which
results in improving the robustness of the communication link, or increasing
the probability of transmission opportunities in addition to increasing the
throughput for a given spectrum hole. For example, implementing more re-
lays reduced the probability of outage as proved by the simulation results.
In this scenario, selection cooperation based on the D-Alamouti scheme was
also proposed. The system performance in terms of outage probability was
analyzed and validated for both perfect and imperfect spectrum acquisition
cases through numerical simulations. The results conrmed that the cooper-
ative cognitive relay network based on the proposed closed-loop D-EO-STBC
scheme signicantly improved the outage performance over the conventional
time-division (TD) scheme. For example, at an outage probability of 10 4,
the proposed scheme for four relays provided approximately 3.7 dB improve-
ments over the conventional scheme.
In the second scenario where the cognitive user can relay and transmit op-
portunistically or simultaneously, free interference spectrum sharing based
on interweave and overlay cognitive approaches were proposed. In this sce-
nario, the cognitive user can exploit the transmission opportunity and max-
imize their transmission rate without interfering with the primary user. The
important conclusion for this chapter is that the closed-loop D-EO-STBC
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scheme is an alluring and ecient transmission coding technique which can
oer signicant performance advantages for many practical wireless applica-
tions.
8.2 Future Work
In this thesis, the system reliability and transmission link robustness were
the main objective where the nal result was very encouraging because the
proposed schemes were able to enhance signicantly the system reliability
and transmission robustness through achieving full spatial diversity and ar-
ray gain which ensure the receiver capability to extract the desired data
using very simple symbol-wise ML decoder. Thus, in future work, it would
be very interesting to improve the system transmission rate. This poten-
tial area of future research will be investigated from two aspects which are
improving the current proposed D-EO-STBC scheme and designing new op-
timal distributed codes as follows.
8.2.1 Potential data rate enhancement for the D-EO-STBC scheme
The group quantization feedback strategy discussed in Chapter 4 includ-
ing quantized xed and adaptive approaches for utilizing in the context of
frequency-selective fading channels requires relatively high number of feed-
back bits as compared to that proposed feedback approaches for using in at
fading channels context which results in consuming more bandwidth for the
feedback overhead. So, it would be very interesting to reduce the feedback
overhead bandwidth of the proposed group quantization feedback strategy
which will result in saving the available bandwidth. This saving can be
exploited to send more data and consequently increasing the transmission
data rate. This problem might be solved through studying carefully the
correlation among the OFDM subcarriers above and below the zero phase
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line as shown in Fig 4.6 and then determine only one proper phase for all
subcarriers according to averaging approach.
Also, in Chapter 4, a closed-loop D-EO-STBC scheme for two-way com-
munication scenario was proposed considering three-time-slot framework to
ensure that each terminal has full cooperative diversity and array gain. How-
ever, the maximum end-to-end data rate that can be attained was 2/3. So,
it would be very interesting to develop this scheme to use a two time-slots
framework which preserves the diversity advantage of the proposed three-
time slots framework which will result in increasing the transmission data
rate to unity. The solution of this problem might come from studying the
eect of timing errors on the rotation angles for each terminal by comparing
them with the available best rotation angles. The objective is to nd the
best common rotation angles for the two terminals that can ensure achieving
full diversity at each terminal.
8.2.2 Constructing new optimal distributed codes
The proposed D-EO-STBC scheme is optimal in diversity gain but it is not
optimal in multiplexing gain, so constructing new optimal codes that can
achieve the optimal diversity-multiplexing tradeo (DMT) of the AF type
cooperative relay channel considered in this thesis would be very interesting.
In fact, designing brand new optimal codes for cooperative relay channels
would be novel and distinguished. However, constructing new optimal dis-
tributed codes could be also attained in the following two ways:
1. Extending optimal codes that were originally designed for multi-input
multi-output (MIMO) systems such as so-called perfect codes [139]
and [140], which are a family of optimal STBCs. In this case, the
optimal codes for certain number of transmit antennas more that two
could be extended to cooperative relay networks equipped with single-
antenna relay nodes equal to the number of transmit antennas in the
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original MIMO systems. Furthermore, the optimal codes that are
originally designed for a MIMO system with two transmit antennas
could be combined with relay selection techniques to exploit them in
cooperative relay networks. For example, combining in a distribution
fashion the Golden code [141] or the Silver code [142], which are the
best and second best Perfect codes in terms of DMT, with appropriate
relay selection technique would be very interesting.
2. Developing optimal distributed codes that were originally proposed
for certain system models such as in [143] and [144] to be valid for
the considered system model. For example, a new construction of
distributed space-time codes (D-STCs) that can achieve the optimal
DMT of the MIMO cooperative channel based on a non-orthogonal
AF protocol was presented in [143] while new optimal D-STCs for the
multi-access AF relay channel were constructed in [144].
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